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The  elementary  constituent  of  all 
livinff  substance  and  the  substratum  of 
all  elementary  vital  phenomena  is  the 
cell.  Hence,  if  the  task  of  physiology 
lies  in  the  explanation  of  vital  pheno- 
mena, it  is  eviaent  that  general  physio- 
logy can  be  only  cell-physiology. 

Modem  physiology  has  arrived  at  a  point  in  its  development 
where  it  must  constantly  extend  its  inquiries  to  the  cell,  the 
elementary  substratum  of  all  life  that  exists  upon  the  earth's 
sur£Eice.  It  appears  more  and  more  clear  that  the  general  pro- 
blems of  life  are  cell-problems.  This  fact  suggested  to  me  the 
idea  of  examining  from  the  cell-physiological  standpoint  these 
general  problems,  and  the  facts,  theories,  and  hypotheses  of  the 
nature  of  life — subjects  which  thus  far  had  never  received  compre- 
hensive treatment — and  thus  outlining  a  field  in  which  the  various 
branches  of  special  physiology  might  unite.  In  the  present 
book,  therefore,  I  have  made  an  attempt  to  treat  general  physio- 
logy as  general  cell-physiology. 

In  dedicating  this  eflfort  to  the  memory  of  Johannes  MUller,  I 
would  express  the  obligation  that  we  all  owe  to  the  work  of  our 
great  master  in  physiology.  But,  more  than  all  else,  I  would  indi- 
cate MtlUer's  comparative-physiological  standpoint,  a  standpoint 
that  I  have  always  strongly  endeavoured  to  maintain  in  my  own 
work.  The  comparative  method  of  dealing  with  physiological 
problems,  which  Miiller's  researches  made  so  extremely  fruitful, 
was  unfortunately  laid  aside  after  his  death,  as  physiology  dealt 
more  and  more  with  the  special  problems  of  the  human  body. 
But  it  is  now  being  shown  constantly  that  the  amount  of  material 
available  for  work  in  this  latter  field  is  too  small  in  view  of  the 
variety  of  problems.     Hence,  if  wrong  and  false  generalisations 
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are  to  be  avoided,  and  the  science  is  to  be  allowed  free  develop- 
ment, it  appears  to  me  indispensable  to  return  to  Mtiller  s  method. 
For  this  reason  I  have  dedicated  the  following  pages  to  the  memory 
of  that  great  physiologist. 

The  plan  of  the  present  book  first  assumed  fixed  form  during  a 
journey  which  I  made  in  the  year  1890  to  different  points  on  the 
Mediterranean  Sea  and  the  Red  Sea  for  the  purpose  of  making 
comparative-physiological  researches.  After  my  return  my  uni- 
versity lectures  in  Jena  gave  me  an  opportunity  to  present  the 
collected  material  in  connected  form.  But  the  greater  part  of  the 
labour  remained  to  be  performed,  and  in  the  summer  of  1892  I 
began  the  writing  of  the  book.  Although  for  nearly  ten  years  I 
have  been  busy  with  the  problems  of  general  physiology  and  have 
endeavoured  to  contribute  something  to  their  solution,  so  much 
labour  has  been  associated  with  the  collection,  examination,  selec- 
tion, completion,  and  arrangement  of  the  much  scattered  material, 
that  the  book  has  progressed  slowly — and  with  varied  feelings  on 
my  part.  I  have  often  wondered  whether  the  result  would  accord 
with  the  enthusiasm  and  love  with  which  the  task  was  undertaken. 
Only  the  criticism  of  my  colleagues  can  decide  this.  It  is  not  to 
be  expected  that  a  book  which  brings  together  for  the  first  time 
in  a  unified  form  a  mass  of  material  hitherto  regarded  as  hetero- 
geneous, shall  upon  its  first  appearance  pretend  to  completeness. 
I  cherish  no  illusions  that  I  have  succeeded  more  than  approxi- 
mately. I  am  fully  aware  that  many  faults  and  errors  must  have 
crept  in,  and  these  I  beg  my  colleagues  in  friendliness  to  correct. 

It  has  afforded  me  especial  satisfaction  that  one  of  my  Americ<an 
colleagues.  Professor  Frederic  S.  Lee,  of  New  York,  in  an  address 
before  the  New  York  Academy  of  Sciences  ('94),  has  developed 
simultaneously  and  independently  the  same  ideas  regarding  the 
claims  of  modem  physiology  as  are  presented  in  detail  by  myself 
in  the  first  chapter  of  this  book.  These  ideas  have  also  been 
expressed  by  me  elsewhere,  especially  in  an  article  in  the  Monist 
(Chicago,  '94). 

If  a  book  is  to  reach  a  wide  circle  of  readers,  its  language  must 
be  neither  too  technical  nor  too  prosaic.  I  have  endeavoured  to 
comply  with  this  requirement.  I  wished  to  write  something  that 
would  appeal  first  to  my  fellow  physiologists,  and  offer  them, 
besides  certain  new  facts  and  ideas,  a  summary  of  our  scattered 
knowledge.  But  at  the  same  time  I  wished  the  work  to  give  to 
any  interested  scientific  reader,  whether  a  student  of  medicine. 
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philosophy,  botany,  or  zoology,  an  outlook  over  the  problems,  facts, 
theories,  and  hypotheses  of  life  ;  in  other  words,  I  wished  to  give 
him  an  introduction  to  general  physiology,  and  thus  afford  him  an 
idea  of  the  important  theoretical  basis  of  his  study.  It  is  not  easy 
to  adapt  oneself  to  these  diverse  aims.  How  far  I  have  succeeded 
in  doing  this,  only  the  judgment  of  the  reader  can  decide.  I 
bespeak  his  indulgent  criticism. 

I  gratefully  acknowledge  my  obligations  to  all  my  friends  who 
have  taken  active  part  in  the  planning,  developing,  and  com- 
pleting of  my  task,  and  especially  to  Mr.  Gustav  Fischer,  who  has 
shown  great  liberality  in  the  publication  of  the  book. 

THE  AUTHOR. 

London,  November  4,  1894. 
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In  offering  the  second  edition  of  this  work  to  the  public, 
I  feel  it  obligatory  upon  me  to  express  my  warmest  thanks  for  the 
extremely  favourable  reception  given  the  book  upon  its  first 
appearance,  by  readers  and  especially  by  critics.  I  have  been 
pleasantly  surprised  to  realise — as  I  have  been  made  to  realise  by 
personal  talks,  by  letters,  and  particularly  by  the  criticism  of  pro- 
fessional journals  both  at  home  and  abroad — that  the  subject  of 
general  physiolog}^  excites  active  interest  and  receives  abundant 
recognition  in  the  circles  not  simply  of  theoretical  natural 
science,  but  of  practical  medicine.  It  gives  me  much  satis&ction 
to  perceive  in  this  a  sign  that  the  practical  medicine  of  the  day 
acknowledges  the  profound  importance  of  a  knowledge  of  the 
general  physiology  of  cell-life  for  an  understanding  of  the 
physiological  and  pathological  phenomena  exhibited  in  the  cell- 
community  of  the  human  body.  I  am  encouraged  in  this  view  by 
the  gratifying  fact  that  cell-physiological  researches  have 
increased  greatly  in  number  during  the  last  few  years.  In  this 
second  edition  I  have  endeavoured  to  note  the  more  important 
of  the  later  results.  Unfortunately,  because  of  lack  of  space, 
I  have  been  obliged  to  treat  many  of  these  with  more  brevity 
than  I  desired,  and  to  curtail  the  amount  of  attention  given 
in  the  first  edition  to  some  of  the  older  work.  But  by  the 
introduction  of  a  considerable  number  of  new  figures,  and  the 
replacement  of  certain  faulty  ones  by  better,  I  trust  that  the 
whole  has  been  made  more  comprehensible.  I  cannot  expect  the 
present  edition  to  be  free  from  errors  and  faults ;  but  I  trust  that 
every  critic  will  recognise  the  great  diflSculties  involved  in  the 
treatment  of  such  a  large  amount  of  material,  and  will  be 
indulgent  towards  mistakes.  I  am  sincerely  grateful  to  my  critics 
for  having  called   attention    to   errors  in  the  first  edition.      So 
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far  as  these  were  errors  of  fact,  I  have  endeavoured  to  correct 
them ;  so  far  as  the  points  raised  were  based  upon  differences  in 
conception,  or  points  of  view,  I  have  conscientiously  tried  to  allow 
them  their  full  value.  Translations  of  the  book  into  English  and 
Italian  are  in  course  of  prepai^ation,  and  a  Russian  edition 
has  recently  appeared.  Since  the  latter  was  published  wholly 
without  my  knowledge,  and  has  not  been  seen  by  either  my 
publisher  or  myself,  I  am  forced  to  disclaim  all  responsibility  for 
it. 

I  cannot  forbear  expressing  my  warmest  thanks  to  Dr.  Gustav 
Fischer,  for  the  pains  taken  by  him  in  issuing  the  present  edition. 


THE  AUTHOR. 


University  of  Jena  : 

The  PHYsioiiOOicAL  Institute, 
June,  1897. 


PREFATORY  NOTE  TO  THE  ENGLISH 

TRANSLATION 


The  first  comprehensive  treatment  of  general  physiology  was 
contained  in  Claude  Bemard^s  now  classic  Lcfons  sur  les  ph^noin^nes 
de  la  vie  communs  aux  animaux  et  aux  v4geta%LX,  which  was  pub- 
lished in  1878-79.  Since  that  time  the  only  adequate  work  upon 
the  subject  has  been  Professor  Verwom's  Allgemeine  Physiologie. 
The  first  edition  of  this  book  appeared  in  1894.  This  was  followed 
in  1897  by  a  second  and  revised  edition.  The  w^ork  has  been 
welcomed  by  European  and  American  biologists,  who  have 
felt  the  need  of  a  review  and  summary  of  the  rapidly  accumulating 
details  of  cell-physiology,  and  its  ability  and  suggestiveness  have 
been  widely  recognised.  Many  of  the  special  views  of  the  author 
have  encountered  opposition — a  fact  that  perhaps  is  indicative  of 
their  value — ^yet,  however  much  we  may  agree  or  disagree  with  him 
upon  special  points,  we  all  must  acknowledge  his  breadth  and  be 
grateful  to  him  for  presenting  such  a  wealth  of  facts,  and  for 
pointing  out  so  clearly  the  possibilities  of  research.  With  Pro- 
fessor Verwom's  consent  I  have  undertaken  the  task  of  trans- 
lating and  editing  the  book ;  first,  with  the  hope  that  in  its 
English  form  it  may  enable  English-speaking  biologists  and 
general  scientific  readers  to  realize  more  fully  than  before  the  wide 
scope  of  the  science  of  Physiology ;  and,  secondly,  because  the  book 
presents  in  a  form  convenient  for  the  use  of  students  suggestive  and 
stimulating  discussions  of  vital  physiological  questions. 


FREDERIC    S.    LEE. 


Columbia  University,  New  York, 
March  1,  1898. 
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CHAPTER  I 

THE  AIMS   AND   METHODS  OF   PHYSIOLOGICAL  RESEARCH 

Ix  every  department  of  human  culture  a  suney  of  its  aims  and 
its  achievements  is  desirable.  Such  a  survev  is,  in  a  certain  sense. 
a  map :  at  any  moment  it  can  sene  for  orientation,  and  can  be 
combined  with  similar  maps  of  other  departments  to  form  a 
harmonious  and  comprehensive  idea  of  the  world. 

This  desire  is  warranted  especially  in  the  natural  sciences,  the 
enormous  development  of  which  has  influenceil  si>  powerfully  the 
ciWlisation  of  the  present  centur}*. 

Mankind  has  two  potent  needs,  t<>  the  satisft*ing  of  which  it  is 
the  purpose  of  science  to  contribute :  a  pnicticai  need,  which  is 
manifested  in  a  search  after  a  fitting  and  agreeable  adaptation  of 
the  external  conditions  of  life — the  great  development  of  modern 
technique  and  medicine  bears  witness  to  the  efficiency  of  science 
in  this  respect :  and  a  ^A«orf^iV«/ need,  which  increases  with  civilisa- 
tion and  is  manifested  in  a  craving  for  causality  or,  in  other  words, 
a  search  after  a  harmonious  idea  of  life  and  the  world.  Both  neeils 
are  powerful,  although  they  differ  in  intensity  in  accordance  with 
indiWduality.  Mankind  has  the  right  to  demand  of  natural  science 
that  it  shall  never  lose  sight  of  its  purpose  and  shall  not  mistake 
its  attitude  toward  the  other  aspects  of  human  life,  a  danger  that, 
with  the  enormous  extension  of  specialisation,  is  now  growing 
imminent. 

One-sided  specialisation  is  continually  falling  into  this  error.  It 
leads  far  into  barren  fields,  gradually  ceases  to  recognise  neigh- 
bouring territory,  and  at  last  becomes  incapable  of  co-labouring  in 
the  general  tasks  of  science.  It  scarcely  needs  mention  that  it 
would  be  a  mistake  to  lay  aside  specialisation  altogether.  Broad- 
minded  specialisation  is  one  of  the  chief  factors  in  the  advance  of 
knowledge ;  without  it,  no  general  knowledge  can  bo  acquiriHl. 
But  a  ditference  exists  between  special  researches  carried  out  for 
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the  purpose  of  helping  to  solve  a  problem  that  concerns  a  practical 
or  a  theoretical  need  of  life,  and  those  that  deal  with  chance  or  any 
external  circumstance  for  the  purpose  of  seeing  what,  if  anything, 
will  be  the  outcome.  The  former  constitute  true  research,  the 
latter,  pastime.  One-sided  specialisation  considers  none  of  the 
great  needs  of  mankind,  and  brings  science  finally  to  the  unen- 
viable standpoint  of  the  famulus  Wagner. 

It  is  absolutely  essential  to  the  advance  of  a  science  that  in  its 
special  researches  it  keep  clearly  in  view  its  general  aim,  its  great 
problem  ;  investigation  then  becomes  systematic.  This  is  possible 
only  when  the  investigator  possesses  such  a  survey  as  is  referred 
to  above. 

Such  an  outlook  over  aims,  paths,  and  achievements,  in  place  of 
a  mass  of  disconnected  facts,  is  required,  not  by  the  individual  in- 
vestigator alone,  but  by  every  cultured  man  who  would  learn  from 
science  what  is  of  value  for  the  practical  or  theoretical  needs  of 
his  life  ;  for  science  serves  life,  not  life  science. 

I.  The  Problem  of  Physiology 

The  ancient  Greeks  associated  with  the  word  "^iJo-*?"  the  concep- 
tion of  all  living  nature,  a  significance  that  finds  expression  in  its 
purest  form  in  the  Homeric  poems.  Since  that  time  the  idea 
expressed  by  the  word  has  undergone  many  changes.  The  original 
significance  soon  gave  place  to  a  more  general  one,  and  at  the  height 
of  Grecian  culture  the  Ionic  philosophers,  the  oldest  natural 
philosophers  of  Greece,  were  called  **  <f)va'i6\oyoi"  the  conception  of 
^i5<7*9  being  extended  to  all  nature.  Later,  with  the  separation 
of  physics  as  an  independent  science  in  its  present  sense,  the  con- 
ception became  again  narrow,  but  different  from  the  original  one, 
being  limited  to  non-living  nature  and  thus  possessing  a  significance 
the  exact  opposite  of  the  original  one. 

If  the  word  ^i/<7^9  be  conceived  in  its  proper  original  sense,  the 
term  "  Physiology "  expresses  fully  the  essence  of  the  science  to 
which  the  term  is  now  applied,  and  it  is  unnecessary  to  replace  it 
with  the  later  word  "  Biology,"  with  which  at  present  very  different 
ideas  are  associated. 

Physiology  is  the  science  of  the  phenomena  of  living  nature,  and, 
accordingly,  its  task  is  the  investigation  of  life. 

In  spite  of  the  apparent  simplicity  of  its  task,  the  science  has 
already  laboured  for  centuries  upon  this  problem.  A  little  con- 
sideration will  make  its  difficulties  evident.  It  is  only  necessary  to 
attach  ideas  to  the  expressions  "  life  "  and  "  investigation,"  which 
in  this  combination  appear  at  first  as  empty  words. 

We  will  consider  first  the  subject-matter  of  physiology,  namely, 
life.     The  untrained  person  associates  usually  with   this  word  a 
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mass  of  ideas  that  conctrii  phenomena  of  a  secondary  nature, 
because  he  thinks  only  of  the  remote  results,  constantly  observed 
in  daily  life,  of  primary  vital  phenomena.  With  him  life  is 
characterised  by  various  occupations,  labours,  pleasures,  walking, 
travelling,  reading,  speaking,  eating,  drinking,  etc.,  one  or  another 
activity  appearing  as  the  essential  part  of  his  own  life  according 
to  his  vocation  and  individuality :  to  one  person,  life  is  labour, 
to  another  a  constant  festivity.  But  the  various  occupations  of 
daily  life  are  combinations  of  a  few  primary  vital  phenomena. 
If  the  development  of  the  conception  of  life  be  followed 
back  to  early  antiquity,  when  mankind  had  no  presenti- 
ments of  all  the  occupations  that  accompany  a  highly  developed 
culture,  when  he  was  unacquainted  with  fire,  when  he  ilid  not  know 
how  to  make  even  the  most  primitive  tools,  the  conclusion  is  reached 
that  the  conception  sprang  from  the  combination  of  a  number  of 
simple  phenomena,  which  early  man  discovered  by  self-observation, 
especially  those  phenomena  that  are  associated  with  evident  move- 
ments, such  as  locomotion,  breathing,  nutrition,  the  heart-beat,  and 
others.  In  fact,  it  is  not  difficult  to  analyse  into  their  primary 
constituents  the  complex  occupations  of  our  present  life,  and  to 
recognise  that  its  diversity  is  produced  by  various  combinations 
of  a  few  elementary  phenomena,  such  as  nutrition,  respiration, 

frowth,  reproduction,  movement,  and  the  production  of  heat.    If  life 
e  thus  conceived  as  a  sum  of  certain  simple  phenomena,  the  task 
ti(  physiology  is  to  determine,  investigate,  and  explain  the  latter. 

It  must  be  remembered,  however,  that  such  a  conception  of  life 
is  limited  to  the  vital  phenomena  of  human  beings,  while  the  field 
■of  life  is  far  greater.  Animals  and  plants  likewise  exhibit  vital 
phcnomona,  and  it  may  be  asked  whether  those  latter  are  the  same 
as  or  different  from  the  phenomena  that  prevail  among  men.  It 
is  evident  that  all  living  organisms  must  be  included  in  the 
sphere  of  physiological  investigation,  the  flower  and  the  worm 
equally  with  man.  Hence  the  first  duty  of  physiology  is  to  mark 
■out  the  field  of  the  living,  to  determine  what  is  living  and  what 
is  not  living — an  undertaking  that  is  more  difficult  than  it  appears. 
The  conception  of  life  has  not  always  been  the  same.  It 
has  experienced  fundamental  changes  in  the  course  of  the  develop- 
ment of  the  human  species.  Formed  first  with  respect  to  man- 
kind, it  was  early  extended  to  other  objects.  With  primitive  races, 
the  conception  was  much  wider  than  at  present,  and  they  termed 
living  what  is  no  longer  regarded  as  such.  With  them  stars,  fire, 
wind  and  waves  were  beings  endowed  with  life  and  mind,  and  thej' 
were  personified  in  the  image  of  man.  The  remains  of  these  ideas 
are  still  found  in  the  mythology  of  the  classic  and  modern  races. 
In  the  course  of  time  the  distinction  between  living  and  lifeless 
has  been  made  constantly  sharper,  but  even  to-day  a  child  regards 
'  a  steam  engino  as  a  living  animal      Thu  child  is  guided  mure  or 
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less  consciously  by  the  same  criterion  as  the  primitive  races,  who 
from  the  fact  of  motion,  considered  as  living  the  dancing  flame  of 
a  fire  or  a  moving  wave.  In  fact,  of  all  vital  phenomena,  motion 
is  the  one  that  gives  most  strongly  the  impression  of  living. 

It  may  be  said  that  only  primitive  races  and  children  are  misled 
by  the  criterion  of  motion,  and  that  the  civilised  and  adult  man,  who 
is  versed  in  a  knowledge  of  life,  is  capable  of  deciding  easily  in  any 
given  case  between  the  living  and  the  lifeless.  But  this  is  not 
always  true.  For  example,  are  dried  grains  living  or  lifeless  ?  Is 
a  lentil  that  has  lain  unchanged  in  a  chest  for  years  living  ? 
Scientific  men  themselves  are  not  agreed  upon  this  point.  The 
lentil,  when  dry,  does  not  show  phenomena  of  life,  but,  if  placed  in 
moist  earth,  it  can  at  any  moment  be  induced  to  do  so.  It  then 
sprouts  and  grows  into  a  plant. 

The  decision  between  the  living  and  the  lifeless  becomes,  how- 
ever, much  more  diflScult  with  objects  that  are  not  commonly  seen 
in  daily  life,  e.g.,  certain  microscopic  things.  Long  observation 
and  very  detailed  investigation  are  frequently  required  in  order  to 
determine  whether  certain  bodies  that  are  found  in  a  liquid  by 
microscopic  examination  are  living  or  not.  If  a  drop  of  the  dregs 
be  taken  from  a  bottle  of  weissbeer  and  examined  with  the  micro- 
scope, it  will  be  found  that  the  liquid  contains  innumerable  small 
pale  globules,  often  clinging  together  in  groups  of  two  or  three, 
completely  at  rest  so  long  as  they  are  observed,  and  showing  no 
trace  of  movement  or  other  change.  Very  similar  small  globules 
may  be  observed  with  a  microscope  in  a  drop  of  milk.  The  two 
kinds  of  globules  can  be  distinguished  from  one  another  by  strong 
magnifying  powers  only.  No  trace  of  vital  phenomena  can  be 
found  m  either  by  the  most  patient  and  continued  microscopic 
examination,  yet  the  two  objects  are  as  widely  different  as  a  living 
organism  and  a  lifeless  substance ;  for  the  globules  from  the  beer 
are  the  so-called  yeast-cells  (Saccharomyces  cerevisice),  the  active 
agent  in  the  fermentation  of  the  beer  and  fully  developed,  unicellular  ,^ 
living  organisms,  while  the  globules  from  the  milk  are  lifeless 
droplets  of  fat,  which,  by  their  abundant  presence  and  their  reflec- 
tion of  light  from  all  sides,  give  to  the  milk  its  white  colour.  As 
a  counterpart  to  these  two  objects,  we  may  consider  a  third.  In 
the  body-cavity  of  the  frog  on  either  side  of  the  spinal  column 
between  the  transverse  processes  of  the  vertebrae  there  lie  small,, 
yellowish-white  masses.  If  a  bit  of  the  contents  of  one  of  these 
be  removed  with  a  knife  and  placed  with  a  drop  of  water  upon  a 
slide,  and  the  whole  be  covered  with  a  cover-glass,  there  may  be 
seen  with  strong  powers  of  the  microscope  a  mass  of  minute 
granules  and  short  rods  of  different  sizes,  which  are  trembling  and 
dancing  in  constant  motion,  the  smaller  particles  very  actively,  the 
larger  ones  more  slowly.  Every  untrained  person,  brought  before 
these  three  preparations  and  asked  which  of  the  three  objects 
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appears  to  him  living  and  which  lifeless,  would  invariably  pronounce 
the  yeast-colls  and  the  fat-droplets  lifeless,  the  dancing  ^anules 
living ;  but  the  latter  are  nothing  more  than  minute  calcareous 
crystals,  so  light  that  they  are  put  into  trembling  motion  passively 
by  the  excessively  delicate  motion  that  the  particles  of  ever^'  liquid 
possess.  The  manifestation  of  motion,  which,  because  we  see  no 
cKtemal  source,  we  are  inclined  to  ascribe  to  an  internal  cause, 
here  misleads  to  the  assumption  of  life.  Such  examples  may  be 
found  in  imlimited  number. 

Hence,  under  certain  circumstances  it  is  not  at  all  easy  to  dia- 
tinguish  the  living  from  the  lifeless,  and  it  is  accordingly  clear 
that  the  first  duty  of  physiology  must  be  to  inquire  afU^r  the 
criteria  of  such  a  distinction,  i.c.,  mentally  to  circumscribe  the 
subject-matter,  life,  in  relation  to  non-living  nature. 

Not  less  great  are  the  difficulties  that  we  meet  when  we 
<;onsider  the  second  idea  that  is  included  in  the  task  of  physio- 
logy, that  of  inresiigatioji.  What  is  meant  by  investigation  or 
explanation  ? 

Civilised  man  appears  to  be  distinguished  essentially  from 
primitive  races  by  a  great  desire,  namely,  that  of  seeking  after  the 
causes  of  phenomena,  or,  in  other  words,  a  craving  for  causality. 
This  longing  in  at!  things  to  ask  "  why,"  from  a  pure  desire  for 
knowledge  apart  from  any  practical  aim,  appears  to  be  an  acquisi- 
tion of  civilisation,  and  its  origin  and  development  can  be  seen 
clearly  in  children  of  a  certain  age.  When  we  have  discovered  a 
cause  for  any  phenomenon,  the  craving  for  causality  in  that  respect 
is  .satisfied ;  we  have  investigated  and  explained  the  phenomenon. 
This  is  true  of  investigation  in  all  departments  of  science,  of 
historical  and  philological  science  as  well  as  that  of  nature,  in  so 
far  as  the  development  of  the  science  has  progressed  beyond  the 
Jitage  characterised  by  the  mere  accumulation  of  facts.  But  when 
we  have  discovered  the  immediate  cause  of  any  phenomenon,  we 
have  satisfied  the  craving  for  causality  only  relatively,  for  the  cause 
itself  is  a  phenomenon  that  must  be  explained,  Thus  gradually 
and  systematically  we  put  individual  phenomena  and  series  of 
phenomena  into  causal  connection  with  one  another,  and  constantly 
reduce  latter  and  larger  groups  to  their  causes.  Ultimately,  how- 
over,  the  question  arises  how  far  this  reduction  may  be  carried 
successfully.  Is  there  a  final  cause  for  the  phenomeiw,  or  may 
the  reduction  be  continued  to  infinity  ? 

In  all  fields  of  non-living  nature,  especially  in  physics  and 
chemistrj',  investigation  has  shown  that  all  phenomena  thus  far 
known  and  investigated  may  be  reduced  in  the  last  instance  to  a 
single  common  cause,  namely,  the  movement  of  very  small  material 
elements.  The  whole  physical  world  is  conceived  as  consisting  of 
-separate,  indivisible,  extremely  small,  elementary  particles  called 
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^.  .. .     i:ui    hv  \iirious  motions  of  the  atoms,  which  fill  universal 
luuv .    ii^   !\>;ai\Uil  its  ittXHluoing  all  phenomena  in  nature. 

1 1  ■  V  'K     'U'  ut>k  of  ^Jhvsiology  to  explain  the  occurrence  of  vital 

-.K;u-i*uiui.  t,  ..   lo  invoHtijjate  their  causes,  it   then  becomes  a 

.•i,...iN'n  s\iK'ihor.  m  living  nature  likewise,  all  phenomena  can  be 

v\lusv*vi  'A»  .»K'  inoiions  of  atonjH, or  whether  it  is  necessary  to  take 

^•u  V    ■»»  uu^ihor  (^rinoipK'.     Next  to  determining  the  boundaries 

..     Ik     '»v»u  K^i  m\oMigation»  the  chief  task  of  physiology  lies  in 

vsuv'  ^^^J^  iiuu^  uiMikind  has  been  conscious  of  the  great  gap 
.i.i  xi.-^iN  Ut^^iHU  two  giimps  of  vital  phenomena,  the  physical 
•  u*  :k  'lu  iivU  Uouoo  tho  above  quastion  is  a  double  one.  If  it 
^  m^n...!Ua  kv'Miallv  r\»  i-^hIuiv  the  physical  phenomena  of  life  to 
.»  .aiiu  V  !v  uiv^uiaiA  onuses  iw  the  phenomena  of  the  lifeless  world, 
:i  v.-i;!!  \w*l  iioi  luwssarily  hold  good  for  psychical  phenomena, 
lul  'i^  M'ia's^n*!  Iniwivn  the  physical  and  the  psychical  must  be 
kM,i'\  'x>i  I*  »^  '**'  nn|H»sNihle  to  trace  psychical  phenomena  to  the 
..»uu  u'miKMv'  \\uiM^  iiM  tlu»  ovents  of  the  physical  world,  another 
^  vji!.ni.kiu»n  uuiNi  Uv  Mought.  and  the  important  question  will  then 
si\.s  whvihv*  iV'NXohu'al  pi  lonomcna  can  be  explained  at  all.  But  if 
x\  Ui  kMv»\\vd  \\\M  ihov  run  bo  brought  into  causal  relations  with 
.  Sv  jil»v  n^'^K'n^^  \»r  t  ho  physical  world,  tho  question  will  still  remain, 
\\  U  ii  n\  UvMus  '  Tlu*  <jUostion  of  the  possibility  of  answering 
■  :».•.  \\»ll  »hsu  cu'iMV     If  it  cjin  bo  answered,  will  our  craving  for 

I'liv  »M\v  sUi;<Ub»n  of  life  is  thus  confronted  with  a  multitude  of 
.jMv..iu«n'    wKuhlax  \o  tho  uttermost  the  capabilities  of  the  human 

II      Tm:  llisToKv  of  Physiological  Research  ^ 

Vu  \'\.Muiuation  of  the*  history  of  physiological  research  is  not 
v>ul\  luh'iostuig,  but  important  for  a  correct  judgment  of  the 
pu-.^•^u  vvMulilion  of  physiology  and  the  future  course  which  it  ha» 
»v»  iikr  \\\  otdor  to  aooom[>liHh  its  established  purpose. 

A.   TJIE   EARLIEST  TIMES 

Tho  rarliost  traoos  of  nai'vi^  physiological  ideas  are  lost  in  the 
nu|utulral»lo  ohsourity  of  prehistoric  times.  A  picture  of  them 
has  luH'U  haiidod  <lown  in  the  mythology  of  the  early  civilised 
ia\os  This  rrprosriits  a  condition  in  \vnich  all  knowledge  and 
all  tormatmii  of  idoas  are  grouped  about  the  veneration  of  higher 

*  Thr  aiiouiit  <»f  the  curlier  epochs  in  the  dcvelopinent  of  physiology  is  based 
njwm  ihf  lollowing  works :  K.  Sprengel,  Vtr^uch  eiiur  prttrfmatischenO'eschichtc 
,^i  .{r.iiiikinuit  :  H.  Hneser,  Ltfirbuch  dtr  G^MchichU  der  Mtdicin.  In  his 
KUtHtnti  «/i/'  ti/itjt  nuintH  Phyt<ioloffit^  Prcj'er  gives  a  short  sketch  of  the  history 
\A  ph\nioiogy  based  \\\iox\  the  latter  book. 
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beings.  The  primitive  worship  of  the  early  races  and  the  know- 
ledge associated  with  it  may  be  regarded  aa  an  indivisible  whole, 
from  which,  in  the  coui'se  of  the  hundreds  and  thousands  of  years, 
theological, philosophical. scientiflc.and  medical  conceptions  gradu- 
ally and  slowly  have  been  crystallised  out  as  independent  groups 
of  ideas. 

The  early  notions  of  life  were  verj'  asive  and  crude.  All  that  moved 
was  living  and  was  endowed  with  mind.  The  property  of  motion 
was  the  criterion  of  life.  Wind,  water,  fire  and  stars  were  personi- 
fied. Meteorites  which  moved  through  the  air,  called  "Wtyli," 
were  regarded  by  the  Phtenicians  as  endowed  with  mind,  and 
were  believed  to  be  healing,  while  Sftsruta,  the  author  of  the 
Yajurveda,  the  most  ancient  Indian  work  upon  the  art  of  healing, 
represented  all  motile  bodies  as  Uving,  in  distinction  from  non- 
motile,  or  lifeless,  bodies.  The  art  of  healing,  which  was  almost 
wholly  a  doctrine  of  drugs,  and  in  primitive  ages  was  developed 
especially  upon  the  Pontus.  where  witchcraft  flourished  and  where 
Hecate  was  reverenced,  was  crudely  empirical,  was  in  league  with 
mtigic  and  mystery,  and  wholly  lacked  a  physiological  basis. 

Li  these  earliest  times  only  one  class  of  phenomena  received 
detailed  consideration,  namely,  the  higher  psychical  phenomena, 
which  reveal  man's  life  most  directly  to  himself.  A  doctrine  of 
the  mind  was  developed  even  in  ancient  Egj-pt,  probably  under 
Indian  influence,  which  had  for  its  basis  the  dualism  of  body  and 
mind,  and  reached  its  culmination  in  the  idea  of  the  passage  of  the 
mind  after  the  death  of  the  body  into  other  bodies.  Later,  this 
notion  was  transplanted  to  Greece  by  the  Greek  philosophers, 
especially  Pythagoras.  In  general,  from  the  earliest  tunes  onward, 
the  phenomena  of  mental  life  served  aa  a  peculiar  stimulus  for 
priests  and  philosophers,  the  earliest  theorisers,  and  in  antiquity. 
of  all  fields  of  investigation,  psychology  was  cultivated  the  most. 

While  physiological  notions  were  scarcely  influenced  by  medicine 
until  long  after  Hippocrates,  in  Greece  they  were  enriched  in  a 
significant  manner  by  the  first  bloomine  of  philosophy  as  a  distinct 
discipline  independent  of  the  priesthood.  The  oldest  Greek 
philosophers,  the  Ionic  "  physiologists,"  the  Eleatics,  as  well  as  the 
Atomists  and  the  independent  thinkers  of  the  same  time,  whose 
aim  was  the  development  of  a  cosmology,  were  forced  in  the  pursuit 
of  this  aim  to  reflect  upon  the  origin  of  living  nature.  Whatever 
judgment  may  be  passed  upon  the  unbridled  character  of  the  specu- 
lations of  these  ancient  thinkers,  the  correctness  of  their  notions 
regarding  many  of  the  phenomena  of  life  will  always  remain  a  very 
surprising  lact.  Among  many  of  these  early  philosophers  it  is 
singular  to  meet  with  ideas  which,  after  more  than  two  thousand 
years,  have  again  become  current  and  are  reckoned  among  the  most 
important  foundations  of  the  present  science  of  life.  This  ia  par- 
ticularly true  of  opinions  concerning  the  origin  and  development  of 
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the  organic  world.  The  notion  of  the  derivation  of  man  from  animal- 
like ancestors  originally  inhabiting  the  water,  is  found  clearly  ex- 
pressed by  Anaximander  (b.  about  620  B.C.);  and  Heraclitus  (about 
500  B.C.)  had  an  idea  of  the  significance  of  the  struggle  for  existence 
(epii).  But  the  theory  of  Empedocles  (b.  504  B.C.)  upon  the  origin 
of  living  things  is  the  clearest  and  most  surprising.  According  to 
him,  plants  appeared  first,  then  the  lower  animals,  and  from  them 
the  higher  animals  and,  finally,  men  were  developed  by  a  process 
of  perfection.  The  effective  principle  in  this  perfecting  process  he 
perceived  in  the  fact  that  ill -adapted  individuals  are  destroyed  in 
the  struggle  for  life,  while  those  that  are  capable  of  living  produce 
offspring.  Almost  twenty-five  hundred  years  elapsed  before  this 
simple  conception  of  the  descent  and  natural  selection  of  organisms, 
clearly  expressed  by  Empedocles,  was  empirically  grounded  by 
Darwin  and  was  established  as  the  natural  explanation  of  the 
otherwise  marvellous  multiplicity  of  organic  forms. 

Many  ideas,  more  or  less  correct,  regarding  special  physiological 
phenomena  are  found  also  among  the  early  Greek  philosophers. 
But  these  scattered  truths  are  mingled  with  so  many  fantastic  and 
purely  arbitrary  notions  that,  from  their  associations,  they  lose  their 
real  value.  No  coherent,  systematic  observations  or  reflections 
concerning  vital  phenomena  exist  before  Aristotle. 

From  the  side  of  practical  medicine,  likewise,  the  investigation 
of  life  experienced  no  considerable  advance,  even  when  medical  art, 
hitherto  without  a  critic,  was  placed  by  Hippocrates  (460-377  B.C.) 
upon  a  sound  basis. 

A  physiological  doctrine  appeared  first  among  the  followers  of 
Hippocrates,  probably  under  the  influence  of  Plato  s  philosophy, 
and  it  was  soon  perfected  and  controlled  all  the  medical  ideas  of 
that  time.  This  is  the  doctrine  of  the  spirits  (Tn^eO/ia),  in  the  main 
thought  of  which  can  be  found  the  first  germ  of  a  fundamental 
physiological  truth.  This  doctrine  assert  that  the  pneiima,  an 
excessively  subtile  material  agent,  is  attracted  by  the  human  lungs, 

t)asses  from  the  lungs  into  the  blood,  and  is  distributed  by  the 
atter  throughout  the  body.  All  vital  phenomena  depend  upon 
the  action  of  this  agent.  This  conception,  which,  naturally,  was 
adorned  with  all  sorts  of  absurd  accompaniments,  suggests  strongly 
our  modern  ideas  concerning  the  rdle  of  oxygen  in  the  organism. 

B.   THE   PERIOD   OF   GALEN 

The  first  intimation  of  an  attempt  to  explain  vital  phenomena 
appears  in  the  early  Hippocratic  doctrine  of  the  pneuma.  This 
was  expanded,  especially  in  the  Alexandrian  school,  by  Herophilus 
(about  300  B.C.)  and  Erasistratus  (d.  280  B.C.),  the  latter  of  whom 
distinguished  a  irvevfia  ^<otik6v  (vital  spirits)  in  the  heart  and  a 
irveiffia  y^vy^LKov  (animal  spirits)  in  the  brain.     From  this  it  is 
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tvidi'iit  tliat  the  problem  of  physiology,  the  explanation  of  vital 
phenomena,  had  already  bc'gun  more  or  less  clearly  to  be  recog- 
nised. Hitherto,  individual  physiological  facts  had  been  observed, 
and  physiological  questions  had  beon  discussed  incidentally.  But 
now,  the  more  clearly  the  problem  of  physiology  began  to  be 
formulated,  the  more  the  treatment  of  physiological  questions 
began  to  assume  the  character  of  scientific  mvestigation. 

Aristotle  (384-322  RC),  the  great  polyhistor  of  antiquity,  estab- 
lished th<!  preliminary  conditions  for  this  advance  by  accumulating 
A  vast  mass  of  material  in  the  form  of  facts.  The  significance  of 
,  Aristotle's  relation  to  physiology  docs  not  lie  in  explaining  vital 
j)henomena— very  often  his  explanations  are  uncritical,  and,  more- 
over, they  do  not  appear  prominent  in  his  work — but  rather  in 
observing  and  recording  a  great  number  of  physiological  phenomena. 
In  the  uiidst  of  this  material  by  the  side  of  striking  and  acute 
researches,  there  occura,  as  might  have  been  expected,  much 
-erroneous  observation :  such,  for  example,  ia  the  origin  of  eels  and 
frogs  from  mud  by  spontaneous  generation.  Nevertheless,  hia 
recorded  observations  fonn  the  basis  of  the  new  stage  of  develop- 
ment into  which  physiology  passed  after  Aristotle,  and  which  is 
characterised  by  the  clear  recognition  of  the  physiological  problem 
and  its  vast  importance  in  practical  medicine. 

Af^r  Aristotle,  by  his  systematisiug  work,  had  laid  a  broad 
frapirical  foundation  for  natural  science,  the  doctrine  of  the 
yneuma  i-eceived  a  wider  extension  among  the  later  pneumatic 
physicians,  esjjecially  through  the  efibi^  of  Athenaeus  and 
Aretaeus  (botn  about  50  A.D.).  It  is  in  the  nature  of  this 
doctrine,  that  it  nmst  endeavour  to  comprehend  and  explain  the 
phenomena  of  life  from  a  single  point  of  view;  and,  accordingly, 
we  find  now  for  the  first  time  a  clear,  conscious  recognition  of  the 
ithysiological  problem  and  a  systematic  comprehension  of  physio- 
logical phenomena.  The  man  who  first  clearly  perceived  the  nature 
and  significance  of  physiology  was  Galen  (131— about  200  A.D.). 
Galen  saw  that  practical  medicine  could  not  thrive  unless  it 
were  based  upon  a  very  detailed  knowletlge  of  the  normal  vital 

fihenomena  of  the  human  body.  The  investigation  of  the  vital 
unctions  of  the  body  must  be  the  first  pre-requisite  of  an  art  of 
healing.  This  practical  aim  was  the  first  incentive  to  the  develop- 
ment of  phyBiology,  and  controlled  the  science  almost  exclusively 
until  the  eighteenth  century.  Galen  was  also  the  first  to  recognise 
clearly  the  importance  of  a  knowledge  of  the  anatomy  of  the  body 
in  an  understuiding  of  the  functions  of  its  parts,  and  laid  great 
value  ii])on  the  dissection  of  animals ;  he  himself  dissected 
I  pigs  and  monkeys  especially.  Moreover,  he  perceived  the  im- 
,  jwrtance  of  animal  experimentation  in  the  investigation  of  physio- 
logical phenomena;  and,  although  the  experimental  method  did 
not  assume  under   him   that  exact  fonn  and  that  fundauiental 
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importance  which  many  centuries  later  Harvey  knew  how  to  give 
it,  Galen  himself  practised  vivisection  upon  pigs  and  monkeys. 

Along  with  general  recognition  of  his  immortal  service,  Galen 
has  often  been  reproached  with  the  charge  that  he  was  not  content 
with  collecting  physiological  facts,  making  observations  and  devis- 
ing experiments,  but  that  he  felt  strongly  the  necessity  of  arrang- 
ing his  collected  material  into  a  complete  and  comprehensive 
system  of  physiology,  in  which  he  allowed  hypothesis  and  philo- 
sophical speculation  a  place  that  exact  investigation  ought  to 
have  filled.  Nothing  can  be  more  unjust  than  this  reproach.  If 
Galen  had  been  satisfied  with  ascertaining  disconnected  physio- 
logical facts,  physiology  and  with  it  all  medicine  would  not  have 
been  advanced  one  step  farther  than  Aristotle  had  already  brought 
them.  Galen's  greatest  importance  lies  in  the  union  of  scraps 
of  physiological  knowledge  into  a  coherent  system.  Isolated 
observations  obtain  value  only  in  connection  with  other  facts,  and 
only  a  survey  of  the  relations  of  facts  makes  possible  further 
systematic  progress.  It  is  only  natural  that,  in  this  first  attempt 
to  put  togeth^  the  material  of  physiological  observation  into  a 
coherent  picture  of  the  life  of  the  human  body,  recourse  must  now 
and  then  be  had  to  hypothesis,  even  much  bold  hypothesis.  The 
single  fault  from  which  Galen's  system  suffers  is  not  its  binding 
cement  of  philosophical  speculation,  but  the  peculiar  dualism  that 
misled  him,  in  accordance  with  which,  in  explaining  vital 
phenomena,  he  strove  to  give  at  the  same  time  a  place  both  to 
the  rigid  idea  of  necessity,  which  sprang  from  his  exact  scientific 
investigations,  and  to  teleology,  which  was  derived  from  the 
Aristotelian  philosophy.  Nevertheless,  in  a  just  estimation  of  his 
time,  when  Aristotelian  ideas  had  already  begun  a  universal  sway 
that  was  to  last  more  than  a  thousand  years,  Galen  can  scarcely  be 
reproached  for  this,  the  less  when  it  is  recalled  that  the  teleological 
idea  of  a  final  purpose  in  all  things  appears  here  and  there 
in  modem  natural  science  even  to-day,  quite  independent  of 
philosophy. 

Galen's  system  is  based  upon  the  doctrine  of  the  spirits  (pneuma). 
The  causes  of  all  the  vital  phenomena  of  the  human  body,  which 
is  composed  of  the  four  fundamental  juices,  viz. :  the  blood,  the 
phlegm,  the  yellow  and  the  black  gall,  are  the  three  different  forms 
of  spirits,  of  which  the  animal  spirits  {irvevfia  ylrvx^fcov)  have  their 
seat  in  the  brain  and  the  nerves,  the  vital  spirits  (Trvevfia  J^cotikov) 
in  the  heart,  and  the  natural  spirits  (irvevfia  ^vctikov)  in  the  liver. 
These  three  forms,  which  must  be  regenerated  continually  by 
the  receipt  of  vital  spirits  from  the  air,  are  the  agencies  that 
maintain  the  functions  of  the  respective  organs.  The  body 
possesses  many  functions,  but  they  may  be  arranged,  according  to 
the  forms  of  the  spirits,  into  three  classes,  and  each  function  is 
carried  on  by  a  faculty  (Sui/a/it?)  corresponding  to  its  respective 
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pneuma.  The  psychical  (animal)  functions  comprise  thinking,  feel- 
ing, and  voluntary  motion ;  the  ^hy^mical  (vital)  functions,  the 
heart-beat,  the  pulse,  and  the  production  of  heat;  the  physical 
(natural)  functions,  nutrition,  growth,  secretion,  and  reproduction 
with  its  related  activities.  The  blood  is  formed  in  the  liver,  and 
the  veins  arise  there.  Through  the  veins  the  blood  goes  to  the 
right  ventricle  of  the  heart,  where  the  useful  part  is  separated 
firom  the  useless ;  the  former  is  carried  to  the  lefl  ventricle,  while 
the  latter  goes  through  the  pulmonary  artery  to  the  lungs.  In 
the  lungs,  the  useless  part  is  regenerated  by  the  spirits  and  made 
useful  It  is  remarkable  with  what  prophetic  gift  Galen  pointed 
to  a  constituent  of  the  air  as  the  spirits,  the  nature  of  which  he 
could  not  yet  divine.  He  expresses  clearly  the  supposition  that 
it  will  be  possible  at  some  time  to  isolate  that  constituent  of  the 
air  that  forms  the  spirits.  More  than  fifteen  hundred  years  elapsed 
before  Galen's  supposition  was  confirmed  by  the  discovery  of 
oxygen  by  Priestley  and  Lavoisier.  The  blood,  regenerated  by  the 
receipt  of  spirits  in  the  lungs,  flows  through  the  pulmonary*  veins 
into  the  left  heart,  whence,  together  with  the  rest  of  the  useful 
blood,  it  is  carried  by  the  aorta  and  its  branches  throughout  the 
whole  body.  Galen's  views  upon  the  nervous  system  are  equally 
interesting.  In  the  brain  and  the  spinal  cord  are  the  origms  of 
the  sensory  and  the  motor  activities  of  the  nerves.  The  motor 
nerves  act  by  pulling  like  a  string  upon  the  motor  organs.  In  the 
special  physiologj'  of  ner\^es,  Galen  investigated  particularly  the 
action  of  the  vagus  and  the  intercostal  nerves  upon  respiration  and 
the  action  of  the  heart,  and  he  cut  the  spinal  cord  transversely 
and  longitudinally — experiments  which  show  how  deeply  he  had 
penetrated  into  an  understanding  of  the  mutual  relations  of  the 
individual  organs  of  the  body. 

Galen's  physiological  system  was  for  that  time  a  monumental 
work,  and  the  fact  that  Galen's  views  continued  for  thirteen 
hundred  years  as  the  unassailable  code  of  medicine  is  surely  not 
to  be  ascribed  simply  to  the  decay  of  the  ancient  culture  and 
to  the  complete  barrenness  of  the  middle  ages  in  scientific  matters. 
The  development  of  physiological  investigation  took  not  a  single 
step  forward  during  the  middle  ages.  The  Arabians,  who  had 
come  to  possess  the  ancient  culture,  were,  indeed,  prominent  as 
physicians,  but  Islam  forbade  them  alike  independent  investigation 
and  philosophical  thought.  Even  Avicenna  (Ibn  Sina,  980-1037), 
who  was  tne  most  prominent  of  the  Arabian  physicians  and 
showed  philosophical  tendencies,  performed  no  original  work. 
With  slight  changes  his  system  was  the  system  of  Galen,  whose 
glory  he  obscured  by  his  own  powerful  authority  in  the  civilised 
world  of  that  time.  Moreover,  the  many  famous  medical  schools 
which  arose  at  that  time  in  Italy,  France,  and  Spain  trained  many 
able  physicians,  but  did  not  advance  beyond  Galen's  ideas,  not- 
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withstanding  the  fact  that  here  and  there  an  isolatcii  piiysiological 
obeervatioD  was  made.  This  condition  of  stagnation  continuttt 
iintil  into  the  sixteenth  century. 


C.    THE   PEiUOD   OF   HAKVEV 

An  independent  advance  in  physiology  is  first  met  with  in  the 
sixteenth  century.  One  of  the  first  to  abandon  Galen's  system 
was  Paracelaiia  (liOS-lSil),  who  developed  a  complete  system  of 
nattirc.  It  was  permeated  with  theoaophical  notions,  a  tendency 
that  appeared  stfll  stronger  in  his  followers  and  drove  them  wholly 
over  to  mysticism.  Nevei'theless,  it  contained  many  original, 
although  frequently  absurd,  ideas.  Paracelsus  opp*iaeii  the  weak 
echoes  of  Qalen'a  system  and  its  outgrowths  which  had  appeared 
during  the  middle  ages,  and  this  was  at  that  time  an  important 
advance.  The  foundation  of  his  system  is  the  unity  ()f  nature. 
Nature  is  a  unit,  the  macrocosm.  In  man  as  the  centre  of  nature 
all  forms  of  existence  are  contained.  Hence,  man  is  to  be  regarded 
as  a  microcosm.  Nature,  however,  must  not  be  considered  as  com- 
plete but  as  for  ever  becoming.  The  more  special  aspects  of  bis 
system  are  arbitrary  and  unimportant,  and,  as  is  usual  in  such 
cases,  this  first  beginning  of  independent  investigation  was  com- 
paratively crude ;  before  all  other  things  it  lacked  a  purely  empirical 
and  experimental  basis. 

At  the  same  time,  in  France  and  in  Italy  a  freer  tendency  began 
to  appear  in  the  medical  schools.  Femelius  (1497-1558)  had 
many  new  ideas,  although  they  were  based  wholly  upon  Galen's 
system.  From  the  various  forms  of  Galen's  pneuma  he  separated 
the  anima.  The  former  consists  of  the  most  subtile  material 
substance ;  the  latter  is  the  soul,  which  is  to  be  recognised  only 
by  its  effects.  He  advanced  the  further  idea  that  the  pheno- 
mena within  the  organism  depend  finally  upon  certain  mysterious 
causes. 

Special  physiological  investigation  received  an  impulse  from  the 
great  anatomical  discoveries  in  the  schools  of  France  and  Italy, 
where  knowledge  of  the  anatomy  of  the  human  body  was  placed 
upon  a  wholly  new  and  strictly  empirical  basis  by  Vesalius, 
Eustachiu,  Faloppio,  and  others.  Researches  upon  the  structure 
of  the  heart  and  the  course  of  the  vessels  were  the  most  fruitful  for 
physiology.  The  doctrine  of  the  circulation  of  the  blood,  as 
founded  by  Galen,  underwent  fundamental  changes.  By  proving 
the  imperviousness  of  the  interventricular  septum,  Serveto 
(1511-1553)  refuted  Galen's  idea  that  the  blood  goes  from  the 
right  ventricle  of  the  heart  directly  into  the  left  ventricla  His 
followers.  Colombo  (d.  15.59)  and  Cesalpino  (1619-1003),  added  to 
this  new  facts  uijon  the.circiilation  of  the  blood  in  the  lungs ;  and 
Argentieri  (1513-1572).  who  opposed  the  doctrine  of  the  animal 
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rspirits,  and  happily  thought  to  put  in  its  place  heat  as  the  cawse 
of  vital  phenomena,  emi)haaized  the  fact  that  the  nutrition  of  the 
whole  body  i»  provided  for  by  the  blood  alone.  By  these  special 
invL'stigations  into  the  physiologj-  of  the  blood,  the  path  was  made 
easy  to  the  greatest  discovery  of  this  period,  that  of  the  circulation 

^of  the  blood  by  Harvey  (1578-1657).     The  importance  of  Harvey's 

"scoveij-  lies  in  the  fact  that  he  first  established  the  physiological 

wnnection  of  the  arteries  and  veins  peripherally,  and  the  passage 

'  the  blood  from  the  arteries  into  the  venous  trunks  and  thence 

I  the  heart;  he  thus  laid  a  basis  fur  the  fiict  that  all  the  blood 

t  through  the  heart  and  moves  in  a  closed  circuit  through 

iie  whole  body.     He  added  to  this  a  great  number  of  special  facts 

joaceming  the  mechanism  of  the  circulation,  all  of  which — and 

ierein  lies  the  great  significance  oi'  his  work — rested  upon  keen 

R)bservation  and  an  exact  experimental  basis.  Following  the  exact 
tendencies  of  his  time — the  time  which  brought  forth  also  a 
Copernicus,  a  Galileo,  a  Bacon,  and  a,  Descartes — Harvey,  by  his 
brilliant  discovery,  raised  the   experimental  method  again   to  an 

I  honourable  position  in  physiology,  after  it  had  remained  in  complete 
sblivion  for  thirteen  centuries.  The  spirit  of  the  conscientious 
bvestigator  and  great  logical  acuteness  characterise  Harvey's 
personality  and  stamp  him  as  the  first  real  physiologist  after  the 
long  night  of  the  middle  ages.  A  second  doctnne  "  de  genemiioM 
^nimahum"  stands  with  equal  honoui-  by  the  side  of  his  doctrine 
of  the  circulation  of  the  blood.  In  this  he  put  forward  the  dictum, 
"  omne  viVKm  ex  ovo,"  which  ha.s  since  obtained  vast  significance  in 
the  science  of  life,  and  in  the  various  forms  in  which  it  has  been  ex- 
pressed in  recent  times  controls  all  modem  physiological  views  of 
I  organic  reproduction. 

"     Of  the  adherents  of  the  great  theosophical  school  which  Para- 

telsos  instituted,  one  only  is  important  in  the  history  of  physiologj, 

tamely,  van  Helmont  (1577-1644),  since,  in  spite  of  the  mysticism 

*that    characterised   the   whole   theosophical  tendency,   he   made 

tborotighly  accurate  observations.     Starting  with  the  Paracelsian 

doctiine  of  the  imity  and  the  constant  development  of  natui-e,  hi- 

^^^  conceived  all  natural  bodies  to  be  composed  of  matter  and  "  arckeiis  " 

^^K(eneTgy).     Things  exist  and  live  only  in  this  combination.     As  a 

^^ftesult  of  it,  all  things  are  living.     There  are,  however,  different 

^^^HTades  of  life,  and  the  so-called  lifeloss  bodies  exist  at  the  lowest 

jfrade.     Among   van    Belmont's    special   physiological   ideas,  his 

chemical  doctrine  of  ferments  is  eB|>ecially  interesting.     He  rejects 

Oalen's  idea  that  digestion  goes  on  in  the  stomach  through  the 

action  of  heat,  and  puts  in  its  place  the  correct  conception,  that 

Btion  is  performed  by  a  "  ferment "  associated  with  tne  gastric 

I. 

;  The  philosophical  systems  of  Francis  Bacon  (1561-1626)  and 

tes  (1596-1650)  t-xercised  a  great  influence  upon  the  further 
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development  of  physiology.  Bacon  s  monistic  philosophy,  which, 
because  of  its  vigorous  accentuation  of  the  inductive  method  of 
investigation,  has  become  the  basis  of  all  modem  natural  science, 
inaugurated  the  great  series  of  new  and  exact  physiological  ob- 
servations, founded  upon  experiment,  which  has  continued  from 
that  time  to  enrich  our  knowledge  of  vital  phenomena.  The 
philosophy  of  Descartes,  although  purely  dualistic,  was  full  of 
importance  for  the  physiology  of  the  senses  and  the  theory  of 
knowledge,  because  of  the  theory  of  sense-perception  which  formed 
its  starting-point.  Descartes  was  the  first  to  maintain  the  pro- 
position that  the  only  thing  in  the  univerae  of  which  we  have 
certain  knowledge  is  subjective  psychical  sensation.  Mind,  sensa- 
tion, thought,  is  the  only  fixed  point  from  which  the  universe  can 
be  surveyed  and  discovery  proceed.  "  GogitOy  ergo  sum''  Sense- 
perception,  therefore,  gives  us  no  information  concerning  things, 
for  it  is  deceptive ;  and  things,  i.e.,  bodies,  are  in  reality  wholly 
different  from  what  they  appear  through  our  sense-organs  to  be. 
These  propositions  are  capable  of  the  widest  application.  Further, 
they  are  so  well  grounded  and  so  precisely  and  clearly  expressed, 
and  give  so  admirable  a  basis  for  a  philosophical  system,  tnat  one 
must  wonder  how  it  is  possible  for  Descartes,  who  was  usually  a 
clear  and  consistent  thinker,  to  be  so  inconsistent  as  to  arrive 
finally  at  the  complete  dualism  of  body  and  mind.  It  is  a  tempta- 
tion to  believe  that  he  maintained  ultimate  consistency  secretly ; 
but  that,  for  practical  reasons,  he  allowed  the  pressure  of  the 
ecclesiastical  conditions  of  his  time  to  give  this  unexpected  turn 
to  his  philosophy,  while  content  with  the  feeling  that  the  un- 
predjudiced  thmker  would  note  and  correct  the  evident  incongruity. 
Of  the  greatest  physiological  importance,  however,  is  his  clear  dis- 
cernment in  his  dualism  that  the  bodies  of  animals  and  men 
act  wholly  like  machines  and  move  in  accordance  with  purely 
mechanical  laws.  But  here  again  dualism  comes  in  as  a  disturbing 
element,  for  Descartes  ascribes  the  impulse  to  all  movement  to  the 
soul,  which,  from  its  seat  in  the  only  unpaired  organ  of  the  brain, 
the  pituitary  gland,  controls  the  individual  parts  of  the  body. 
Nevertheless,  the  general  physiological  ide€is  of  Descartes  have 
been  of  great  value  to  physiology,  and  the  gifted  thinker  also 
made  many  very  important  special  physiological  observations, 
which  markedly  advanced  our  knowledge  of  physiological  optics 
and  acoustics. 

Descartes'  notion  that,  as  regards  its  vital  activities,  the  human 
body  is  to  be  regarded  as  a  complicated  machine,  was  especially 
fruitful  for  physiology  in  the  ingenious  application  which  Borelli 
{1608-1679)  made  of  it  in  the  science  of  animal  movement. 
Borelli  undertook  for  the  first  time  to  reduce  the  movements  of 
the  organic  motor  apparatus  to  purely  physical  principles,  and 
thus  laid  the  foundation  of  our  present  mechanics  of  animal  motion. 
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The  chief  result  of  this  undertakiiig  found  expression  in  the 
inauguration  of  a  peculiar  school  founded  u])on  Borelli's  doctrine, 
the  iatrotnedianiait  sdwol  (called  also  iatrophysical  and  iatromathe- 
matical),  which  played  a  considerable  rdk  in  the  further  develop- 
ment of  physiology,  since  it  endeavoured  to  explain  other  vital 
phenomena  of  the  animal  body  upon  purely  physical  principles. 
At  the  same  time,  some  of  Borelli's  followers,  especially  Gliaaon, 
by  regarding  contractility  as  a  property  residing  within  muscle- 
substance  itself,  became  the  precursors  of  the  later  doctrine  of  the 
irritability  of  muscle. 

Almost  conteniporaneoua  with  the  founding  of  the  iatrophysical 
ischool  there  arose  another  school,  the  iutrochemical,  which  for  a 
time  flourished  by  the  side  of  the  former.  Its  founder  was  Sylvius 
(1614-1672).  Dissatisfied  with  the  narrowness  of  the  iatro- 
physiciats,  but  recognising  the  importance  of  their  principle  in 
explaining  vital  phenomena,  Sylvius  emphasized  the  chemical  side 
in  addition  to  the  physical,  and  in  accordance  with  this  elaborated 
chiefly  the  physiology  of  digestion  and  respiration  by  extending 
van  Helmont's  doctrine  of  the  ferments.  In  the  theory  of  i-espira- 
tion  also,  Mayow  (1645-1679)  expressed  very  pertinent  thoughts 
upon  the  analogy  between  respiration  and  combustion. 

At  this  time  physiology  derived  considerable  assistance,  the 
value  of  which  for  physiological  investigation,  however,  has  not 
been  completely  taken  advantage  of  even  to  the  present  day,  ii-om 
the  invention  of  the  compound  naicroacope  and  the  microscopic 
discoveries  made  by  means  of  it  by  Leeuwenhoek  (1632-1723), 
Malpighi  (1628-1694)  and  Swammerdamm  (1637-1685).  The 
knowledge  of  the  physiology  of  reproduction  and  development, 
more  than  all  else,  was  thus  markedly  advanced.  The  first  micro- 
scopic discoveries  in  this  field  naturally  led  to  many  excusable 
errors.  When,  for  example,  aqueous  infusions  of  decomposable  sub- 
stances were  made  and  the  appearance  of  Infusm-ia  m  immense 
numbers  was  observed  in  them,  apont*meou8  generation  from  lifeless 
substances  was  believed  to  have  taken  place,  contrary  to  Harvey's 
dictum,  "  cnane  vivitm  ex  ovo,"  but  in  accordance  with  Aristotle's 
earlier  assumption  even  for  higher  animals.  On  the  other  hand, 
Harvey's  dictum  became  the  starting-point  of  important  discoveries ; 
for  Malpighi  followed  the  development  of  ova  with  the  microscope, 
while  Leeuwenhoek 's  pupil,  Ludwig  van  Hammen,  discovered 
spermatozoa,  the  importance  of  which  Leeuwenhoek  immediately 


These  and  a  great  number  of  special  physiological  tliacoveries 
which  active  investigation  brought  forth  give  to  the  period 
of  the  seventeenth  and  eighteenth  centuries  after  Harvey's 
appearance  the  character  of  the  dawn  of  exact  investigation  in 

physiology,  just  as  the  influence  of  exact  methods  pervaded  and 
animiited  all  science  of  that  pt-riorl.     Yet,  as  is  constantly  happen- 
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ing  in  the  histon'  of  scienct*,  systt^ms  appeared  at  that  time  as 
evidence  of  a  reaction  against  excc^ve  specialisadon,  which  fell 
int<»  the  opfKjsit^  extreme  of  lacking  all  exact  foundation  and 
res^ting  u]:K>n  pure  speculation.  Boerhaave  (1668-1738)  skilfully 
avoidt-d  this  pitfall  in  his  eclectic  syst-em,  which  was  put  together 
from  the  various  dogmas  of  his  time  and  assumed  as  the  s«)urce  of 
all  vital  phenomena  a  ^"  principiinn  nervosum  ''  in  the  form  of  a  very 
Mibtile  fluid.  But  the  systems  of  Hoffmann  (1600-1742)  and  of 
Stahl  (1600-1734)  did  not  escape  it.  Hoflniann's  "mechanico- 
dynamical  '*  syst<-m  is  puivly  t*?le< ►logical,  and  arose  under  the 
influence  of  the  philosophy  <.»f  Leibnitz.  Hoffmann  regarded  the 
ether  as  the  ultimate  cause  of  all  vital  phenomena  :  its  movement 
follows  mechanical  jirinciples,  but  it  receives  its  immediate  impulse 
frt»m  the  idi-a  oi  the  purpose  of  its  o^^  existence,  that  resides  in 
even'  t^ther-at4»m.  But  Stahl's  ''  animistic  s>'stem  "  w^hich  com- 
liat-ed  Hoffhians  doctrines,  rests  still  more  upon  a  speculative 
basis.  At  the  foundation  of  Stahl's  svstem  there  lies  a  dualism  of 
Kidy  and  mind,  according  to  which  the  body  in  its  activities  follows, 
mechanical  laws,  but  is  animated  and  presened  from  decay  and 
destruction  by  the  *'  animaS'  Upon  the  nature  of  the  anima  Stahl 
I'xpressess  himself  in  ven"  uncertain  and  ct»ntradicton'  terms.  In 
spite  oi  iXs  unsupported  speculations  and  its  many  ci^ntradictions,. 
animism  obtained  numerous  adherents,  which  may  be  explained  by 
the  fects  that  the  innumerable  details  acquired  by  the  many  special 
researches  of  the  period  were  not  properly  sifted,  and  there  wa< 
no  coherent  understanding  of  vital  phenomena 

I>.    THE   PERIOD  OF   HALLER 

Haller  (1708-1777)  respcmded  in  a  genuinely  scientific  manner  to 
the  need  of  a  unitan'  arrangement  of  the  details,  and,  as  it  had 
once  been  with  Galen  and,  later,  with  Har\'ey,  a  new  epoch  in  the 
development  i»f  physiological  investigation  dates  from  his  appear- 
ance. As  Galen  had  first  recognised  the  practical  significance  of 
physiolc»gy  and  had  made  the  knowledge  of  \'ital  phenomena  the 
basis  i»f  practical  mt*dicine,  and  as  Harvey  by  the  introduction  of 
exact  exjierimental  investigation  had  created  the  fruitfiil  method^ 
the  empK»}Tiient  of  which  in  the  sixteenth  and  seventeenth  centuries^ 
callfd  forth  the  enormous  mass  of  individnal  discoveries,  so  Haller 
for  the  first  time  brought  together  as  a  whole  all  the  extensive 
material  (►f  fajctiS  and  thei»ries  in  his  **  Eknunia.  pk^tsioioffiof 
c'Tjf'-ris  huvtani,^^  He  thus  made  ph\*siolog}'  an  independent 
sci<  Dcr,  which  was  not  simply  to  ser\'e  practical  ptirposes  in  the 
interest  of  tht*  art  of  healing  but  als4»  to  pursue  purely  theoretical 
aiIu^  for  itself  alone. 

In    this   circumstanct.-   lies    Hallers   great    impi»rtance    in   the 
df Vflojmient   of  physiology*.      The   grouping  of  a  heterogeneous 
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mass  of  facts  into  a  clostfl  ani]  intelligible  whole  is  always 
Htiuiii latin j;  anil  thiitful,  and  thiH  explains  the  immense  authority 
and  powerful  influence  which  Haller  exercised  in  the  develo])- 
iiient  of  physiological  investigation.  His  own  physiological  re- 
searches, nowever,  while  very  conscientious  and  exact,  as,  e.g., 
those  upon  the  i-espiratoiy  movements  and  the  theory  of  irritability, 
contain  no  epoch-making  discoveries,  and  some  of  them  even  had 
the  misfortune  to  play  an  obstructive  i-dle  in  the  fiirther  develop- 
ment of  the  science.  This  is  especially  true  of  two  doctrines  which 
he  advocated — the  so-called  theory  of  preformation,  antl  the  theory 
of  irritability. 

The  theory  of  prtforvmlion  (theory  of  incasement)  arose  in 
connection  mth  the  microscopic  observations  upon  the  development 
of  the  ovum  which  were  made  in  the  seventeenth  centur)'.  When 
it  was  seen  how  from  a  single  small  egg  a  complete  animal  was 
developed  by  the  gradual  maturing  of  one  organ  after  another,  the 
idea  arose  that  all  organs  appearing  in  the  course  of  development 
and,  in  brief,  the  whole  animal,  are  preformed  or  already  enclosed  as 
such  within  the  egg,  and  are  made  visible  to  the  eye  only  by  a 
process  of  growth  and  unfolding ;  that,  therefore,  the  human  egg 
or,  as  some  believed,  the  spermatozoon,  is  a  minute  but  a  completely 
formed  homunculus.  The  necessary  consequence  of  this  idea  was 
the  assumption  that  at  the  creation  of  the  world  all  coming 
generations  were  contained,  already  pri'formed,  in  the  egg  of  each 
animal.  The  prepoaterousness  of  this  view  led  a  young  physician, 
Caspar  Friednch  Wolff  (1733-X794)  to  maintain  a  new  theory  in 
opposition  to  that  of  preformation.  WolflTs  "  theoria  generatwnis," 
wnich  later  became  the  basis  of  all  our  modem  ideas  of  the 
development  of  organisms,  denied  incasement  and  put  in  its  place 
rpifff.TMsis.  This  asserted  that  all  organs  of  the  body  are  formed 
one  after  another  in  the  course  of  development,  in  other  words,  that 
they  originate  as  entirely  new  parts  and  have  never  pre-existed  as 
such  in  the  egg.  Haller  could  not  accept  the  idea  of  epigencsis, 
but  opposed  it  energetically ;  and,  supporting  the  dogma  of  pre- 
formation with  his  whole  authority,  ne  retarded  progress  in  the 
doctrine  of  animal  development  for  more  than  half  a  century. 

Haller's  Ikeirry  of  irrUcMliiy  influenced  the  development  of  physi- 
ology in  a  somewhat  dififerent  manner.  Haller's  ovm  researcnes  in 
this  direction  were  experimental  and  very  exact,  and  materially 
advanced  the  general  theory  of  irritability;  but  they  were  mis- 
interpreted in  various  respects  and  extended  by  his  followers,  and 
formed  the  chief  starting-point  of  a  doctrine  that  confused  all 
physiology  down  to  the  mitldle  of  the  present  century,  and  even 
now  emerges  again  here  and  there  in  varied  form.  This  is  the 
I  doctrine  of  vital  force.  The  fact  of  the  irritability,  or  the  direct 
excitability,  of  muscles  had  been  emphasized  bv  the  earlier  iatro- 
phj*sicists,  especially  by  Olisson  (1507-1677).     Haller  took  up  the 
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question,  and  added  the  experimental  proof  of  the  fact  that  the 
m II scie -fibre  possesses  the  property  of  contracting  upon  stimula- 
tion independently  of  nervous  influence,  a  quality  which  he  sharply 
distinguished  as  irrilabilUy  hora  ihe  sc7tsibil-Uy  belonging  to  nerves. 
This  sharp  distinction  affirmed  a  difference  between  the  excitation 
of  nerve  and  that  of  muscle  which  did  nut  correspond  wholly  to 
reality,  and  awoke  in  many  of  Haller'a  adherents  and  followers  the 
need  of  demonstrating  irritability  to  be  a  uniform  phenomenon. 

This  was  attempted  most  successfully  by  an  Englishman,  John 
Brown  (1735-17H8),  a  gifted  but  careless  thinker.  Brown  recog- 
nised in  general  a  single  excitability  common  to  the  nervous  and 
muscular  system,  which  system  he  regarded  as  a  unit.  The  ca- 
pacity of  becoming  excited  by  stimuli  is  possessed  by  all  living 
nature,  and  is,  indeed,  the  fundamental  characteristic  by  which 
living  beings,  animals  and  plants,  are  distinguished  from  lifeless. 
RegM^ing  the  nature  of  excitability.  Brown,  like  all  other  physi- 
ologists of  the  time,  had  little  to  say. 

The  hopes  of  the  iatramechanics  and  iatrochomists  of  being  able 
completely  to  resolve  vital  phenomena  into  physics  and  chemistry 
were  not  fulfilled.  In  imtability  there  existed  a  phenomenon 
which,  as  was  believed,  distinguished  all  organisms  from  lifeless 
bodies,  and  appeared  to  mock  at  a  phj'sico-chemical  explanation. 
The  unexplained  conception  of  irritability,  therefore,  in  union  with 
the  dynamical  systems  of  Hofimann  and  Stahl  still  prevailing, 
became  the  starting-point  of  vitalism  or  the  doctrine  oi  vital  force, 
which  in  its  most  complete  form  asserted  a  distinct  dualism  of 
living  and  lifeless  nature.  This  tneory  appeared  first  in  France, 
especially  in  the  School  of  Montpellier,  and  later  in  Germany,  and 
its  hazy  notions  of  vital  force  soon  controlled  all  physiology.  In 
France  vitalism  was  founded  by  Bordeu  (1722-1766).  developed 
further  by  Barthez  (1734-1806)  and  Chauaaier  (1746-1828). 
and  formulated  most  distinctly  by  Louis  Dumas  (1765-1813). 
The  vitaliats  soon  laid  aside  more  or  less  completely  mechanical 
and  chemical  explanations  of  vital  phenomena,  and  introduced,  as 
an  explanatory  principle,  an  all -controlling,  unknown  and  in- 
scrutable "force  hyper m^chaniqae."  While  cnemical  and  physical 
forces  are  responsible  for  all  phenomena  in  lifeless  bodies,  in  living 
organisms  this  special  force  induces  and  rules  all  vital  actions.  In 
Germany  vitalism  did  not  reach  this  degree  of  clearness.  Its 
founder,  Reil  (1759-1813),  diflfeied  from  the  French  vitaiists,  and 
in  his  treatise  "  Ueber  die  Lebenskraft  "  expressed  fairly  clearly  the 
view  that  the  phenomena  of  living  organisms  are  chemico-physical 
in  nature,  but  that  principles  are  at  the  same  time  in  control  which 
are  conditioned  exclusively  in  organisms  by  the  characteristic  form 
and  composition  of  living  substance.  Later  vitaiists,  however, 
attempted  no  analysis  of  vital  force;  they  employed  it  in  a  wholly 
form  as  a  convenient  explanation  of  all  sorts  of  vital  phe- 
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I  notnena,  and  they  distinguished  several  varieties.  The  "  nisiis 
I  Jormatioas,"  e.g..  or  peculiar  "  formative  effort,"  offered  a  simple 
I  explanation  of  the  forms  of  organisms,  accounting  for  the  facts  that 
I  from  theeggof  afowl  a  fowland  no  other  species  always  developed, 
I  and  that  the  oflspring  of  dogs  are  alvrays  dogs.  In  place  of  a  real 
f  explanation  a  simple  phrase,  such  as  "  formative  effort,"  or  "  vital 
force,"  was  satisiactory,  and  signified  a  mystical  force  belonging  to 
organisms  only.  Thus  it  was  easy  to  "  explain  "  the  most  complex 
I  vital  phenomena. 

I  But  somt.'  in vbHti gators  were  nut  content  with  this  kind  of 
I  explanation,  and,  while  indifferent  to  the  doctrine  of  \Ha\  force, 
r  continued  to   search   for   a   ehemico-phytieal  explanation  of  vital 

Shenomena.  They  received  a  strong  stimulus  from  the  new 
iacoveriea  of  Galvani  (1737-1798).  who  proverl  that  electricity  is 
produced  by  the  living  animal  body,  especially  by  the  nerves. 
Naturally  the  value  of  this  fact  was  very  soon  overestimated,  and 
tmder  the  ban  of  the  prevalent  philceophy  of  nature,  particularly 
as  a  result  of  the  researches  of  Ritter  (1776-1810)  and  partly  also 
those  of  Alexander  von  Humboldt  (1769-1859)  and  others,  who 
ixtended  Galvani's  experiments,  the  idea  arose  and  later  became 

,  veiy  popular,  that  the  galvanic  current  is  the  cause  of  all  vital 
phenomena,  and  even  that  all  phenomena  of  all  nature  may  be 
explained  in  general  by  galvanic  polarity. 

The  great  elumiAMl  discoveries  of  the  previous  century  also 
influenced  the  development  of  physiolog)-.  Vegetable  physiology 
was  especially  advanced  by  Ingenhous8(1730-179!)),  who  develimed 
the  theory  of  the  consumption  of  carbonic  acid  by  plants.     The 

\  discovery  of  oxygen  by  Priestley  (1733-1804)  and  Lavoisier  (1743- 
1794),  which  was  so  momentous  for  physiology,  boi-e  its  first  fruits 
when  Qirtanner  (1760-1800)  showed  that  venous  blood  receives 
oxygen  in  the  lungs  from  the  inspired  air.     Thus  the  old  doctrine 

j  of  the  pneuTiiit,  which  controlled  physiological  ideas  for  centuries, 
was  justified  in  modem  form,  and  at  the  same  time  the  ingenious 
idea  of  Mayow,  who  had  compared  respiration  to  a  process  of  com- 
bustion, was  raised  to  the  rank  of  a  fundamental  physiological 
lact, 

Besides  the  physical  and  chemical  discoveries  of  that  time,  those 
in  ancUomj/  led  also  to  important  physiological  results.  Most 
prominent  among  these  was  the  fundamental  law  of  special  nerve- 
phyaiology.  announced  by  Charles  Bell  (1774-1842),  and  later 
proved  experimentally  by  Johannes  Mtiller,  which  affirms  that 
the  posterior  roots  of  the  spinal  nerves  are  sensory  (conducting 
centn petal ly),  while  the  anterior  roots  are  motor  (conducting 
centrifugal  iy). 

Finally,  in  microttcupy  Spallanzani  (1729-1799),  and  later 
especially  Treviranus,  obtained  the  distinction  of  having  dis- 
proved experimentally   by  careful    researches  the  theory  of  the 

c  2 
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MiM)iiUiH(M>iiH  griHTution  of  animalcules  in  putrid  infusions ;  they 
HHoweil  that  th(W  lowfjHt  of  all  living  things  develop  only  from 
geniiH  whi(jh  arc  to  bfj  found  eveiywhere  in  the  air  and  the  water, 
and  that  even  here  Harvey  h  dictum  '*  ovme  vivum  exovo''  admits 
of  no  exception. 

England  and  France  pnxluced  the  mr>Ht  of  these  exact  researches, 
whih;  in  CicTmany  the  most  prominent  thinkers,  such  as  Oken,  were 
Hwcjpt  on  by  the  philosophy  of  nature  with  its  powerful  tendency 
toward  punj  specidation  in  the  fields  of  natural  science. 


E.  THE  PERIOD  OF  JOHANNES  MCLLER 

Johannes  Mtiller  *  (1801-1858)  is  one  of  those  monumental  figures 
that  the  history  of  every  science  brings  forth  but  once.  They 
changi^  the  whole  aspect  of  the  field  in  which  they  work,  and  all 
later  growth  is  influenced  by  their  labours. 

Like  the  other  investigators  of  his  time  Mtiller  was  a  vitalist, 
but  his  vitalism  had  an  acceptable  fonn.  To  him  vital  force  was 
som(;thing  different  from  the  forces  of  lifeless  nature,  but  its  ad- 
ministration rigorously  followed  physico-chemical  laws,  so  that  his 
whole  (mdeavour  was  to  explain  vital  phenomena  mechanically. 
In  doing  this  he  went  over  tne  whole  field  of  vital  activities  uni- 
formly, neglecting  no  part,  and  by  his  own  investigations,  which 
were  always  original,  he  laid  the  foundations  upon  which  we  work 
to-day.  He  always  kept  his  attention  directed  towards  the  whole ; 
he  n(jver  undertook  special  investigations  which  would  not  help 
him  to  solve  some  large  general  problem.  His  ingenuity — and  it 
is  this  that  is  so  much  missed  in  the  more  recent  physiology — was 
expn»8sed  in  the  manner  in  which  he  attacked  problems.  He  did 
not  recognise  one  physiological  method  alone,  but  employed  boldly 
every  mode  of  treatment  that  the  problem  of  the  moment  demanded. 
Physical,  chemical,  anatomical,  zoological,  microscopic  and  embryo- 
lc»gical  knowledge  and  methods  equally  were  at  his  disposal,  and 
he  employed  all  of  these  whenever  it  was  necessary  for  the 
accomplishment  of  his  purpose  at  the  time. 

The  philosophy  of  nature  experienced  its  most  luxuriant  growth 
during  this  time  under  the  influence  of  the  ideas  of  Schelling  and 
Hegel,  and  with  its  unbridled  speculation,  which  lacked  all  basis 
of  fact,  seriously  threatened  scientific  investigation.  But  it  exer- 
cised only  the  most  beneficent  effect  upon  the  rigorously  critical 
mind  of  Mtiller.  He  recognised  in  the  ambitious  tendencies  of 
the  natural  philosophers  a  genn  of  truth,  and  under  its  influence 
fieishioned  his  own  manner  of  scientific  investigation  into  a  genuinely 
^hical  type.     While  keeping  constantly  in  view  the  large 

KMt  important  estimate  of  Johannes   Mtiller  is  to  be   found  in  the 
yddreai  upon  him  given  by  du  Bois-Reymond  ('59). 
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pmbienis  iin<!  the  coal  i>f' science,  he  regarded  critically  the  special 
methods  and  questions  only  as  means  to  an  end,  as  means  tor  arriv- 
ing at  a  hannoniouH  comprehension  of  nature.  Throughout  his 
whole  life  he  remained  steadily  true  to  this  philosophic-al  concep- 
tion of  science,  which  he  had  set  forthwith  energy  in  his  inaugural 
address,  "  Vtm  dem  Btdiirfnist  der  Physiologic  noch  einer  philoso- 
pkisehen  Naiurhetrachtung"  It  is  remarkable  that,  notwithstand- 
ing the  unalloyed  admiration  aroused  by  the  figure  of  Mllller,  the 
later  physiology  has  often  wholly  neglected  this  element.  This  is 
])articiilarly  noticeable  in  two  fields  in  which  from  his  youth  up  he 
took  the  most  active  interest,^ — ^that  of  p^cho/ogy,  and  that  of  com- 
pnrative  physiology. 

PsycJiology  is  avoided  by  the  physiologj-  of  to-day  almost  with 
ffar.  an  attitude  that  is  in  peculiar  contrast  with  that  of  MUller.  He 
regarded  physiology  as  essential  to  advance  in  [wychology  by 
empirical  methods,  and  in  his  examination  for  the  doctorate  he 
defended  the  thesis,  "  Psychologus  nemo  nisi  physiologus."  Un- 
doubtedly, the  science  of  psychologj'  ought  not  to  be  considered  as 
simply  a  part  of  physiology.  But  the  achievements  of  physiology 
in  the  field  of  tho  nervous  system  and  the  sense-organs  are  of  so 
fundamental  significance  for  psychology,  that  it  may  be  said  that 
the  former  science  is  more  nearly  related  than  any  other  to  the 
latter.  MllUer's  own  labours  show  veiy  clearly  with  what  success 
physiology  is  capable  of  handling  psychological  problems,  for 
scarcely  any  physiological  discovery  has  a  more  important  bearing 
upon  all  psychology  and  the  theory  of  knowledge — although  un- 
fi>rtunately  it  is  not  generally  appreciated — -than  the  doctrine  of 
the  specific  energy  of  the  nerves  or  organs  of  the  special  senses. 
This  doctrine  affirms  that  different  stimuli  of  whatever  kind,  when 
applied  to  the  same  sense-organ,  e.g.  the  eye,  arc  capable  of  calling 
forth  only  one  and  the  same  Icind  of  sensation,  namely,  that  sensa- 
tion that  is  mediated  by  the  sense-organ  in  question  under  the 
infiuence  of  its  natural  -stimulus,  in  the  case  of  the  eye,  light.  Vicr 
vrsn,  one  and  the  same  stimulus,  when  applied  to  different  sense- 
f>rgan8,  calls  forth  entirely  different  sensations  according  to  the 
nature  of  the  organ  upon  which  it  works,  This  doctrine  is 
founded  upon  two  fundamental  facts:  first,  that  in  reality  the 
external  world  is  not  what  it  appears  to  us  to  be  when  perceived 
through  the  spectacles  of  our  sense-organs ;  and,  second,  that  by 
the  path  of  our  sense-organs  we  cannot  arrive  at  an  adequate 
knowledge  of  the  world.  Besides  this  fundamental  proposition, 
however,  MUller  discovered  many  other  important  psychological 
facts,  which  he  has  presented  in  his  works ;  "  Zur  vergteic/iendcn 
Phyaiologif  des  (iesichtssinncs  dea  Metuchen  untl  der  Thieve"  "  Ueber 
die  phatUastiKhen  (fesichtsersekeitvungen,"  and  the  section  "  Vow 
SeeleiUtben  "  in  his  "  Handbudi  der  Physiologie  des  Metischen." 

Midler's  teacher  Rudolph!  had  said:  "  Coni[)arativo  anatomy  is 
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the  Hure8t  Huppr>rt  of  phyHiokigj' :  without  it  physiology  is  scarcely 
conceivable*."  MiilJer  was  inciter]  by  this  idea,  and  the  result  was 
the  foundation  of  a  wholly  new  science  in  his  ccmparatw  physiology. 
Throughout  his  whole  lite  he  defended  the  position  expressed  in 
the  wonls,  "  Physiology  can  be  only  comparative,"  and  among  the 
very  large  number  of  his  physiological  works  there  are  few  in 
which  the  comyiarative  principle  is  not  more  or  less  clearly 
expressed. 

He  presented  the  results  of  his  own  investigations  together  with 
practically   all    the   physiological    knowledge  of  his   time  in  his 
*'  Harulbuch  der  Fhysiologie  des  Menschen"    This  work  stands  to- 
day unsurpassefl  in  the  genuinely  philosophical  manner  with  which 
the  material,  swollen  to  vast  proportions  by  innumerable  special 
researches,  was  for  the  first  time  sifted   and   elaborated   into  a 
unitary  picture  of  the  mechjvnism  within  the  living  organism.     In 
this  respect  the  **  Handhuch  "  is  to-day  not  only  unsurpassed,  but 
unequalled.     Naturally  many  of  its  details  are  incorrect  according 
to  present  ideas ;  later  researches  performed  with  a  more  perfect 
technique  have  greatly  extended  and  transformed  some  depart- 
ments ;  even  many  of  Miiller  s  general  physiological  ideas,  such  as 
that  of  vital  force,  have  been  completely  abandoned  by  the  later 
physiology' ;  nevertheless,  it  remains  that  of  all  the  numerous  hand- 
boTiks  that  have  since  appeared  none  has  reached  that  of  the  great 
master  as  regards  the  mode  of  dealing  with  the  material.    Most  of 
the  later  Hand-books,  Text-books,  Elements,  etc.,  although  intended 
almr>st  exclusively  for  the  use  of  students,  do  not  take  the  trouble 
to  jKiint  out  even  briefly  the  aims,  the  problem  and  the  pur{)ose  of 
physiological  science,  let  alone  giving  to  the  matter  as  a  whole 
a  philosophical  treatment  in  MUller's  sense.     Such  a  lack  must  be 
regarded  as  a  serious  detriment  by  thinking  students  who  do  not 
learn    simply   by    rote.      Only   a   very   few   text-books   form   an 
exception   to  thLs,  as,   e.g.,  Briicke  s  admirable  "  Vorlesungen  iiber 
Physiologie." 

The  tireless  physiological  activity  of  Miiller,  which  won  for  him 
the  fame  of  being  the  greatest  physiologist  of  all  time,  did  not 
prevent  him  from  giving  himself  up  in  the  later  years  of  his  life 
with  equal  enthusiasm  to  morphology,  especially  zoology,  com- 
parative anatomy,  and  paleontology,  and  of  acquiring  the  name 
of  the  greatest  morphologist  of  nis  time.  So  many-sided  and 
comprehensive  was  he  that  by  his  own  fundamental  labours  he 
in/xstered  two  large  sciences,  either  one  of  which  a  single  person  is 
at  present  hardly  able  to  survey  unaided. 

It  is  no  wonder  that  so  large  a  realm  could  not  be  held  together 
as  a  unit  after  the  death  of  its  ruler.  Like  Alexander  s  universal 
empire,  it  became  divided  into  many  small  territories,  each  one  of 
which  controlled  itself;  and  with  the  present  boundary  of  science 
"*  would  be  difficult  to  find  a  worthy  successor  to  Miiller,  even 
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if    he   Wf!re    endowed   with    the   latter's  supwhuman   power  of 
labour. 

Morphology  had  beconie  independent  long  before  Miiller.  Soon 
after  his  death  the  course  of  physiology  became  divided  and 
directed  along  purely  chevucal  and  purely  _pAi/aica/  paths. 

Movement  in  the  chcmiriH  direction  was  guided  by  Wiihler 
(1800-1882)  and  Liiibig  (1803-1M73).  In  the  year  1828  Wohler 
gave  the  theory  of  vital  force  its  death-wound  by  his  epoch-making 
synthesis.out  of  purelyinorganic  su bstances,of  urea,  a  body  produced 
in  nature  only  by  organisms.  It  had  been  believed  that  substances 
that  were  produced  by  the  organism  were  produced  only  through 
the  activity  nf  vital  force ;  but  here  for  the  first  time  a  very  charac- 
teristic material  product  of  the  animal  body  was  manufactured 
artificially  in  the  chemical  laboratory.  This  synthe.sis  was  soon 
followed  by  others.  Justus  von  Liebig  established  new  views  regard- 
ing the  metabolism  of  organisms ;  and  later  Volt,  PHtlger,  Zuntz, 
and  others,  advanced  the  theory  of  metabolism  further,  though  not 
in  entire  agreement  with  one  another.  Physiological  chemistry 
became  more  and  more  independent,  partly  under  the  influence  of 
Mulder  and  Lehmann,  who  first  made  a  survey  of  the  field,  and 
especially  under  that  of  Kiihne,  who  by  his  original  methods  and 
investigations,  particularly  upon  the  chemico-physiolocical  relations 
of  the  proteids,  diffused  new  light  and  expressed  his  conception 
of  the  science  in  his  text-book.  Finally,  most  recently,  through 
the  labours  of  Hoppo-Heyler,  Haiumersten.  Bunge.  Halliburton, 
Baumann,  Kosset,  and  others,  physiological  chemistry  as  an  inde- 
pendent science  has  quite  cut  itself  loose  from  physiologj',  to  the 
detriment  of  the  latter. 

E.  H.  Weber  (1795-1878),  Volkmann  (1801-1877),  Ludwig 
(1816-1895),  Helmholtz  (1821-1894),  du  Bois-Reymond  (1818- 
1896),  Marey,  and  others,  led  the  movement  in  the  physical  direc- 
tion. Ludwig  machanically  transmitted  the  rhythmic  changes  of 
pressure  of  the  pulse  to  a  moving  writing-lever,  and  made  them 
record  themselves  upon  the  smooth  surface  of  paper  moved  at  a 
uniform  rate  (Fig,  1).  He  thus  surpassed  all  others  in  creating  a 
method  of  the  greatest  value  in  the  investigation  of  the  purely 
physical  activities  of  the  animal  body.  This  graphic  method  proved 
so  extremely  fruitful  that  it  found  wide  employment  in  physiology. 
It  was  used  for  the  graphic  representation  of  muscle-contraction, 
of  respiratory  movements,  of  the  heart-beat,  etc.  In  France,  Marey 
developed  it  to  unexpected  completeness ;  so  that  now  it  serves  as 
the  most  important  method  of  investigation  in  all  researches  that 
deal  with  the  phenomena  of  macroscopic  movement.  One  other 
method  became  fundamentally  important  in  physical  physiology, 
namely,  that  of  the  comprehensive  and  ingemous  technique  of 
galvanic  stimulation,  which  was  created  by  E.  du  Bois-Beymond's 
classic  researches  upon  the  general  physics  of  muscle  and  nerve. 
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The  wide  applicability  of  this  ingenious  physical  method  is  due 
to  the  perfection  of  the  technique  of  vivisection  on  the  part  of  the 
great  French  physiologists,  MagentUe  (1783-1856)  and  Claude 
Bemai-d  (1813-1M78).  Claude  Bei-nard  guided  operative  physi- 
ology to  its  highest  development,  with  out  at  the  same  time  becoming 
u&rrow.  He  was  a  philosophical  investigator  who  in  his  researches 
kept  in  view  the  gbneral  problems  of  life.  It  is  no  wonder,  there- 
fore, that  all  French  physiology  of  to-day  must  be  considered  as 
of  Claude  Bernard's  school. 

In  comparison  with  the  chemical  and  physical  features  of  physi- 
ology, after  Johannes  MUller's  death  otner  features  receded  into 
the  background,  or  were  entirely  neglected.  Psyduilonical  research 
was  advanced  especially  by  discoveries  regarding  the  physiology  of 
the  3ense-ai;gans,  in  which  the  ingenious  investigations  of  Helra- 
holtzand  Hering  led  to  moat  important  resulta.and  the  physiology 
of  the  central  nervous  system  of  higher  vertebrates,  knowledge  of 
which  was  perfected  by  the  epoch-making  labours  of  Flourens 
(1794-1S64),  Hitzig,  Munk,  Goltz,  Horsley,  and  others.  Preyer's 
endeavour  to  follow  the  develonment  of  the  psychical  phenomena  of 
human  beings  through  the  early  years  of  life  has  been  followed  by 
a  few  others.  At  first  little  attention  was  paid  to  the  general 
oiu^ions  uf  physiology.  Lotze's  Atlgcmeinc  Physiologie  dta  korper- 
hckcn  I^bens  (1851)  was  purely  speculative,  and  treated  physio- 
logical questions  from  the  standpoint  of  philosophy ;  nevertheless, 
it  necessarily  would  have  proved  a  valuable  stimulus  to  the 
experimental  physiology  of  that  time  in  the  investigation  of 
important  questions,  if  in  exact  science  interest  in  general 
[iroblems  had  been  greater.  Although  the  striking  works  of 
Charles  Robin.  Chimie,  amtUnnique  et  phytiologiqae  (1853)  and 
Analovtie  ct  physiologic  aJlulaire  (1873),  presented  a  coherent 
summary  of  the  anatomy  and  physiology  of  the  cell,  unfortunately 
they  were  little  appreciated  from  the  physiological  side.  So  also 
the  cell-pathological  researches  and  ideas  of  Rudolf  Virchow 
I  (C'dlularpathclogu,  1858),  which  quite  overturned  me<lical  ideas. 
until  very  recently  and  in  spite  of  their  showing  very  clearly  the 
enormous  practical  importance  of  general  physiological  researches 
'  upon  the  cell,  have  had  scarcely  the  slightest  influence  upon  the 
I  development  of  physiology,  because  the  latter  science  was  capti- 
vated by  questions  of  a  more  special  kind.  More  attention  was 
excited  by  Claude  Bernard's  Lemons  stir  Us  pMnomhies  de  la  vu. 
wiiimns  nux  animaux  el  aux  vigStanx  (1878),  which  treated 
_  number  of  general  questions  concerning  life  in  a  classic 
'  manner,  although  somewhat  unequally.  Preyer  endeavoured  t<i 
discuss  the  questions  of  general  pnysiology  more  unifonnly  in  his 
I  £le7iienle  dtr  aUgemeinr.n  Physiologie  (1883),  bnt  unfortunately  the 
[  book  contains  only  a  schematic  summary  of  the  subject.  Finally, 
the  researches  of  the  histologists  and  the  zoologists  affonh'd  many 
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mechanical  work,  and  this  can  be  changed  by  means  of  a  dynamo 
into  electricity  and  be  made  to  serve  finally  for  the  production  of 
the  electric  light.  Thus  we  perform  daily  the  remarkable  experi- 
ment of  re -trans  forming,  after  millions  of  years,  into  its  original 
form,  the  kinetic  energy  of  the  sun's  rays  which  the  plants  of 
the  Carboniferous  age  employed  for  storing  up  carbon,  and  thus 
illuminating  our  nights  with  the  radiance  of  the  sun  that  shone 
upon  the  surface  of  the  earth  in  immemorial  times  {Of.  Biinge). 

The  application  of  the  law  of  the  conservation  of  energy  to  the 
energetics  of  organisms  was  attempted  by  Robert  Mayer,  and 
has  since  been  undertaken  many  times.  By  the  calorimetric 
researches  al»ij  of  Dulung,  Uelmhultz,  Rosenthal,  Rubner,  and 
others,  the  proof  has  been  afforded  experimentally  that  this  law 
is  as  true  in  living  nature  as  in  lifeless.  But  our  knowledge  is 
extremely  scanty  concerning  the  mode  of  action  of  energy  in  the 
various  performances  of  the  body,  concerning  the  transformations 
undei^ne  by  the  energy  in  its  path  through  the  living  substance. 
In  this  respect  plant  physiology,  which  is  indebted  especially  to 
the  striking  researches  of  Pteffer  upon  the  energetics  of  the 
plant-cell  for  important  discoveries  and  suggestions,  is  relatively 
farther  advanced  than  animal  physiology.  In  this  subject  of  the 
energetics  of  living  substance  the  future  offers  a  wide  field  of 
labour,  which  is  full  of  reward. 

The  second  of  the  great  discoveries,  which  also  has  yielded  chiefly 
to  plant  physiology  its  most  important  results,  but  has  not  vet 
been  employetl  at  its  full  value  in  the  science  of  the  physiology  of 
animals,  is  the  fact  that  orffanismn  are  amiposal  of  cells.  The  be- 
^nnings  of  the  cell-theory  are  to  be  found  in  botanical  studies. 
The  microscopists  of  the  seventeenth  and  eighteenth  centuries,  es- 
I»ecially  Malpighi,  Treviranus.Mohl.and  Meyen  found  that  plants  are 
composed  of  small  microscopic  chambers,  or  cells,  and  elongated 
tub^  which  have  liquid  contents.  The  elongated  tubes  soon 
proved  themselves  to  be  structures  that  arise  from  series  of  cells 
by  a  dissolution  of  the  transverse  walls.  Brown  found  next  a 
more  solid  nucleus  as  a  wide-spread  structure  in  the  liquid  cell- 
content's.  But  Schleiden  first  put  into  general  form  the  idea 
that  all  plants  are  composed  of  cells,  and  he  distinguished  as  an 
essential  constituent  of  the  cell -con  tents,  besides  the  cell-sap  and 
nucleus,  the  semi-liquid  motile  plant-slime,  which  was  termed  by 
Mohl  protoplasm.  In  the  meantime  the  wide  occurrence  of  cells 
in  the  animal  kingdom  had  become  recognised,  and,  soon  after 
Schleiden,  Schwann  founded  the  cell-theory  for  the  animal  kingdom 
by  showing  that  animals  are  composed  of  cells  or  cell-products, 
and  in  their  development  progress  from  forms  that  contam  only  a 
few  similar  cells.  Later,  embryology  established  the  fact  that  in 
general  all  organisms  are  developed  from  a  single  cell,  the  egg- 
cell,  into  a  cell-comnmnity  which  may  become  large  and  poweriftil, 
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already  accomplished  in  the  direction  of  its  established  goal,  and 
til  iiK|iiin^  by  what  |vith  it  may  reach  this  goal. 


A.    THE    PAST    ACHIEVEMENT! 


I'HVSIItUllilCAL    RESEARCH 


The  aim  of  Physiology  is  to  explain  vital  phenomena,  i.e.,  li> 
discover  their  elementary  causes,  to  put  them  into  causal  relation 
with  one  another,  to  see  whether  their  elementary  causes  are  the 
same  as  those  of  the  phenomena  of  inoi^anic  nature.  What  has 
been  accomplished  in  this  direction  ? 

The  answer  brings  little  encouragement,  for,  when  the  various 
branches  of  physiology  are  carefully  reviewed,  it  is  found  that 
thus  far  practically  nothing  has  been  learned  beyond  the  gross 
mechanical  and  chemical  activities  of  the  vertebrate  body.  The 
causes  upon  which  these  activities  depend  are,  for  the  most  part,  a 
complete  puzzle. 

We  know  that  respimlwn  depends  upon  the  laws  of  aerodynamics; 
by  the  rhythmic  diminution  and  increase  of  pressure  of  the  air  in 
the  lungs,  as  a  result  of  the  contraction  and  relaxation  of  the 
respiratory  muscles,  the  air  streams  passively  in  and  out :  oxygen 
is  removed  from  it  by  the  red  corpuscles  of  the  blood  and  is 
chemically  united  with  the  substance  of  the  coii)uscles.  But  we 
have  scarcely  an  idea  as  to  how  the  contraction  of  the  respiratory 
muscles  comes  about,  or  what  events  call  forth  the  change  of  form, 
termed  contraction  and  relaxation, and  the  performance  of  work  in 
the  individual  muscle-cells. 

We  know  that  the  nrcttlatinn  nf  Hood  in  our  bodies  follows  the 
laws  of  hydrodynamics,  that  it  is  conditioned  by  the  rhythmic 
variation  of  differences  of  pressure  within  the  vascular  system, 
which  are  brought  about  by  the  contraction  and  relaxation  of  the 
heart-muscle.  We  have  here  again  exactly  the  same  problem  as 
in  respiration,  for,  although  Engelmann  has  recently  proved  that 
the  causes  of  the  rhythmic  contractions  of  the  cardiac  muscle  lie 
in  the  living  substance  of  the  muscle-cells,  as  to  the  manner  in 
which  the  contractions  come  about  physiology  has  enlightened  us 
very  little. 

We  know  that  the  tligeslion  of  the  ingested  food  takes  place 

strictly  in  accordance  with  chemical  laws;  the  chemical  substances 

secreted  by  the  gland-cells  of  the  digestive  canal  transform  the 

food  chemically,  exactly  as  we  can   imitate  the  processes  by  the 

help  of  those  digestive  secretions  outside  the  body  in  the  test- 

tuw.     But  physiological  chemistry  leaves  still  unexplained  how 

the  gland-cells  come  to  secrete  their  specific  substances,  why  the 

t  cells  of  the  salivary  glands  produce  only  ptyalin,  and  the  cells  of 

f  the  gastric  glands  only  pepsin,  although  the  same  food  is  brought 

r  to  both  by  the  blood. 

We  know  that  in  tc»)r/)ti>m  the  foixl-stuffs,  changi'd  ch*.'niically 


:if>  GENERAL  PHYSIOLOGY 

by  the  digestive  juices,  are  taken  up  through  the  cells  of  the 
intestinal  wall  into  the  body.  We  know,  moreover,  that  a  great 
part  of  the  ingested  fat,  after  being  divided  into  microscopic 
globules,  is  taken  into  the  prot^>plasmic  bodies  of  the  intestinal 
epithelium-cells  by  their  own  activity,  while  the  same  cells  do  not 
take  up  other  particles  of  equal  microscopic  size,  such  as  granules 
of  pigment.  But  Physiology  has  not  yet  learned  how  this 
selective  &culty  of  the  intestinal  epithelium-cells  is  to  be 
explained  mechanically. 

vVe  have  seen  how  in  the  development  of  the  human  body  the 
succession  of  definite  morphological  stages  up  to  the  complete 
man,  which  previously  was  so  mysterious,  may  be  understood 
naturally  from  the  fundamental  law  of  biogenesis.  But  it  is  still 
a  much-debated  question  how  in  this  development  of  the  cells  that 
arise  from  the  segmentation  of  the  egg  some  become  gland-cells, 
others  nerve-cells,  and  others  epidermis-cells. 

We  have  learned  that  the  rtuyvem4:rUs  of  the  skeletal  bones,  the 
anns,  the  legs,  and  the  joints,  follow  purely  mechanical  and 
mathematical  laws,  especially  the  laws  of  the  action  of  levers. 
But  the  action  of  the  skeletal  muscles  which  causes  the  move- 
ment of  the  skeletal  bones  is  the  same  puzzle  that  is  mentioned 
above,  namely,  the  contraction  of  the  muscle-cells. 

From  the  law  of  the  conservation  of  energy  we  know  that  the 
heat  and  the  dtdi-icity  produced  by  the  living  body  are  derived 
from  chemical  changes  which  the  ingested  food  undergoes  in  the 
body-tissues.  But  we  do  not  know  at  all  with  what  chemical  pro- 
cesses the  cells  of  the  various  tissues  are  concerned  in  the  production 
of  this  heat  and  electricity. 

We  know,  finally,  that  the  higher  sense-organs  of  man  are 
constructed  in  acconlance  with  the  principles  of  physical  apparatus; 
the  eye,  e.//.,  according  to  the  principle  of  a  camera  obscura,  so  that 
a  reduced  inverted  image  of  an  object  in  the  external  world  is 
fonned  upon  its  background  according  to  the  laws  of  the  refraction 
of  light,  but  it  is  a  constant  puzzle  as  to  what  occurs  in  this 
process  in  the  retinal  cells  and  how  from  them  by  the  mediation  of 
the  optic  nerves  the  ganglion-cells  in  the  brain  are  excited  to  pro- 
duce in  us  the  idea  of  the  image. 

This  enumeration  might  be  long  continued,  but  what  has 
been  said  suffices  for  the  recognition  of  a  general  fact.  Every- 
where, to  whatever  branches  of  physiology  we  may  turn,  wherever 
the  gross  activities  of  the  body  are  traced  to  the  activity  of  the 
individual  cells,  we  always  come  upon  an  unsolved  problem.  The 
pessimist,  indeed,  might  be  led  to  maintain  with  Bunge  ('94) : 
"  All  processes  in  the  organism  which  may  be  explained  mechanically 
are  no  more  phenomena  of  life  than  are  the  movements  of  the  leaves 
and  branches  of  a  tree  that  is  shaken  by  the  storm,  or  the  movement 
of  the  pollen  that  the  wind  wafts  from  the  male  poplar  to  the 


female."  But,  if  we  deaimir  of  ii  cheuiico-physical  explanation 
of  vital  phenomena,  nothing  remains  but  to  talte  refuge  again  in 
the  long-buried  doctrine  of  vital  force.  In  fact,  very  recently  this 
idea  has  again  appeared  in  various  places,  notably  in  the  writings 
of  Hanatein,  Kerner,  Bunge,  Rindfleiach,  and  other  men  of 
science. 

We  might,  however,  be  much  more  inclined  to  despair  if  we 
should  look  at  the  field  of  psychical  phenomena.  In  the  physiology 
of  the  brain  and  the  senae-organs,  indeed,  much  has  been  cleared 
up  concerning  the  physical  relations  of  certain  psychical  processes. 
But  the  old  riddle  of  the  causal  relations  between  body  and 
mind,  which  occupied  so  fully  the  thinking  intellect  even  in  earliest 
times,  remains  apparently  wholly  untouched  by  natural  science. 

Under  such  disheartening  conditions  the  investigator  is  constantly 

I   oppressed  by  the  questions  ;  Are  there  limits  to  our  knowledge  of 

vital  phenomena?    If  so,  where  do  these  limits  lie?    Or  are  we 

upon  a  false  path  ?     Was  our  attitude  of  inquiry  into  nature  a 

mistaken  one,  so  that  we  have  not  understood  her  answer  ? 


I 


B.     THE    RELATION    OF    PSYCHOLOGY    TO    I'UYSIOIXIOY 

1.    The  Queslioji  of  tfu  Limits  of  a  Knmoledge  of  Nature 

Are  there  limits  to  our  knowledge  of  nature  ?  And  if  so.  where 
do  they  lie  ?  These  questions  have  retieatedly  arisen  in  the  present 
generation,  which  is  proud  of  its  achievements  in  natural  science, 
and  have  been  treated  in  various  ways.  We  can  most  fittingly 
consider  them  in  connection  with  the  well-known  address  of  E. 
du  Bois-Reymond  ('84),  "  Ueber  die  Grenxen  des  Naiurtrkemtens" 
in  which  the  recently  deceased  author,  who  was  a  master  of  lan- 
guage among  Oerman  naturalists,  discussed  this  theme  in  hiK 
accomplished  style. 

With  the  lack  of  philosophical  methods  of  thought  which  un- 
fortunately is  so  wide-spread  in  the  science  of  to-day,  the  most  re- 
markable idea-s  upon  the  basis  of  our  knowledge  of  nature  arc 
often  met  with.  This  circumstance  unfurtunately  justifies  specula- 
tive philosophy  in  looking  with  contempt  upon  science,  its  rival 
in  the  recognition  of  truth.  It  is,  therefore,  necessary  to  examine 
these  questions  somewhat  carefully,  and,  first,  to  inquire  concerning 
the  limits  of  knowledge,  not  only  in  organic,  but  in  all  nature. 

Modem  science,  especially  physics  and  chemistrj-,  is  here  the 
leader,  and  endeavours  to  reduce  all  the  phenomena  of  the 
physical  world  to  motions  of  atoms.  Accordingly,  du  Bois- 
Reymond,  in  order  to  obtain  a  fixed  point  upon  which  to  base 
his  considerations,  defines  a  knowledge  of  nature  as  follows :  "  A 
knowledge  of  nature — more  accurately  expressed,  scientific  know- 
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le<lge  or  knowledge  of  the  physical  world,  with  the  aid  and  in 
the  sense  of  theoretical  natural  science — is  the  reduction  of 
changes  in  matter  to  the  motions  of  atoms,  which  motions  are 
accomplished  by  the  intrinsic  forces  of  the  atoms  independently 
of  time  ;  in  other  words,  it  is  the  resolution  of  natural  events  into 
the  mechanics  of  atoms."  Recent  science  has,  in  fact,  succeeded  in 
showing  in  gross  outline  how  natural  phenomena  may  be  derived 
from  definite  motions  of  atoms.  We  know  that  in  all  bodies  the 
atoms  are  moving,  in  gaseous  bodies  very  actively,  in  liquids  more 
slowly,  in  solids  very  little.  We  know  that  light,  heat  and  electricity 
depend  upon  regular,  excessively  rapid  vibrations  of  atoms :  that 
sound  is  caused  by  definite  modes  of  atomic  vibration ;  and 
that  chemical  changes  of  bodies  are  conditioned  likewise  by 
characteristic  movements  and  reaiTangements  of  atoms. 

Following  a  fanciful  conceit  of  Laplace,  who  imagines  a  human 
mind  perfected  to  the  highest  degree  and  possessing  such  a  know- 
ledge of  atomic  motions  as  we  have  in  astronomy  of  the  motions 
of  the  stars,  du  Bois-Reymond  continues :  "  If  we  were  to  imagine 
all  changes  in  the  physical  world  to  be  resolved  into  the  motions 
of  atoms,  which  are  due  to  constant  intrinsic  atomic  forces,  the 
universe  would  be  known  in  the  scientific  sense.  The  condition  of 
the  world  at  any  period  of  time  would  appear  as  the  immediate 
result  of  its  condition  during  the  previous  period  and  the  immediate 
cause  of  its  condition  during  the  following  period.  Law  and  chance 
would  be  merely  other  names  for  mechanical  necessity.  A  stage 
in  the  knowledge  of  nature  can  be  conceived  in  which  the  whole 
world-proceas  would  be  represented  by  one  mathematical  formula,, 
by  one  immeasurable  system  of  simultaneous  differential  equations, 
from  which  could  be  deduced  the  place,  direction  of  movement,, 
and  velocity  of  every  atom  of  the  universe  at  every  moment." 

The  human  mind  is  only  **  a  feeble  image,"  it  is  true,  of  such  a 
mind  fancied  by  Laplace,  but  it  differs  from  the  latter  only  in 
degree,  and  in  the  achievements  of  the  latter  we  can  perceive  the 
ideal  which  the  human  mind  in  its  development  is  constantly  ap- 
proaching. Let  us  imagine  for  once  that  we  had  reached  this 
ideal  and  were  in  possession  of  the  "  world-formula."  What  would 
then  be  gained  ? 

In  order  to  explain  a  definite  phenomenon  of  nature,  we  would 
need  only  to  introduce  into  the  world-formula  certain  values  re- 
sulting from  observation,  and  by  computation  we  would  be  able  to 
rove  the  phenomenon  in  question  to  be  a  necessary  consequence 
our  known  observations.     Our  craving  for  causality  would  per- 
kps  be  captivated  for  awhile  by  this  play,  but  soon  it  would  be- 
anie free  again  and  would  call  to  us  with  louder  and  louder  voice. 
o  fer  so  good ;  we  can  now  understand  all  phenomena  of  the 
ihysical  world  in  their  causal  relations  to  each  other ;  we  can  explain 
them  as  perfectly  definite  motions  of  atoms ;  but  what  is  an  atom  i 
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B  stand  at  ti 


Here,  according  to  dii  Bois-Rejinond, ' 
knowledge  of  nature. 

What  an  atom  is,  i.e.,  what  matter  endowed  with  energj-  is,  the 
world-fonnula  does  not  explain.  If  we  ask  how  we  arrive  at  the 
conception  of  an  atom,  we  find  that  we  conceive  it  as  an  exces- 
sively small,  indivisible,  elementaiy  part  of  a  body,  derived  bv  con- 
tinued division  of  the  body ;  but  if  a  body  be  continually  divided 
until  its  atoms  are  reached,  nothing  but  body  is  obtained.  Attjms 
are  bodies,  and  have  the  general  characteristics  of  bodies.  We 
cannot,  therefore,  expect  to  obtain  by  division  something  that 
elucidates  the  nature  of  the  body.  When  we  explain  an  unknown 
phenomenon  by  the  motions  of  atoms,  we  merely  resolve  it  into 
unknown  phenomena.  What  an  atom  is,  we  do  not  learn,  for  it 
has  only  the  properties  which  we  attribute  to  it  on  the  basis  of  the 
sense-perception  of  what  large  bodies  show  us,  i.e.,  it  is  hard,  im- 
penetrable, possesses  form,  and  moves.  But  we  obtain  not  the 
slightest  information  regarding  the  nature  of  the  matter  that  is 
endowed  with  energy,  i.e.,  that  of  which  the  physical  world  con- 
sists. Our  craving  for  causality  remains,  therefore,  in  this  respect 
unsatisfied,  and  as  the  result  of  our  analysis  we  find  ourselves  at 
the  first  limit  of  our  knowledge, 

But  this  is  not  the  only  limit.  If,  again,  we  possessed  "  astro- 
lomical  knowledge  "  of  the  physical  world,  as  du  Bois-Reymond 
expresses  it,  if.,  the  same  mathematically  exact  knowledge  of  the 
motions  of  atoms  that  we  have  of  the  motions  of  the  heavenly 
I  bodies,  we  would  then,  indeed,  understand  all  phenomena  of  the 
physical  world,  but  we  would  not  understand  how  consciousness 
arises,  how  in  general  a  psychical  phenomenon,  even  the  verj' 
simplest,  comes  to  be.  If  we  had,  e.g.,  astronomical  knowledge 
of  our  brain,  we  would  know  the  position  and  motion  of  every 
atom  at  every  moment ;  we  could  also  follow  definitely  the  specific 
phvsical  changes,  rearrangements,  and  motions  of  atoms  insepar- 
ably Hssociatea  with  specific  psychical  phenomena,  and  "  it  would 
be,"  as  du  Bois-Eejiiiond  says,  "  of  unbounded  interest,  if  with  our 
mental  eye  turned  inward  we  could  observe  the  cerebral  mechanics 
of  an  arithmetical  problem,  like  the  mechanics  of  a  calculating 
machine ;  or  if  we  could  know  what  dance  of  the  atoms  of  carbon, 
hydrogen,  nitrogen,  oxygen,  phosphorus  and  other  elements,  cor- 
responds to  the  delight  of  musical  sensation,  what  whirl  of  such 
atoms  to  the  acme  of  sense-enjoyment,  what  molecular  storm  to 
I  the    ^ntic    pain   resulting   from    maltreatment   of    the    nenma 

trigejiiinvs." 
\  We  could  know  all  thest;  if  we  possessed  '"  astronomical  know- 
t  ledge "  of  the  brain.  We  could  thus  convince  ourselves  by  self- 
[■  observation  that  consciousness  is  inseparably  associated  with 
I  atomic  motion.  But  with  all  this  it  would  remain  for  ever  con- 
I  eealed  from  us  how  consciousness  arises,  how  the  simplest  psychical 
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phenomenon  co7ne8  to  be.  However  carefully  we  might  follow  the 
motions  of  individual  atoms  in  the  brain,  we  would  see  only 
motions,  collisions,  and  again  motion.  Thus,  it  is  evident  that  a 
mechanical  explanation  of  consciousness,  of  psychical  phenomena, 
from  the  motions  of  atoms  is  an  impossibility  for  us,  and  we  find 
ourselves  at  a  second  limit  of  our  knowledge  of  nature,  which  ap- 
pears not  less  impassable  than  that  of  a  knowledge  of  matter  and 
energy. 

But  supposing  the  first  to  be  passed,  and  the  riddle  of  matter 
and  energy  to  be  solved,  how  would  it  be  with  the  second  limit  ? 
Would  it  be  passed  at  the  same  time  or  would  it  still  be  impass- 
able ?  We  can  evidently  imagine  consciousness,  or  rather  the 
simplest  form  of  mind,  to  be  inherent  in  the  nature  of  an  atom, 
and,  therefore,  to  be  known  when  the  nature  of  matter  is  known. 
In  fact,  this  idea  would  be  the  only  one  that  could  be  adopted  by  a 
monistic  science,  which  seeks  to  explain  all  phenomena  by  one 
principle  ;  and  Haeckel  especially,  who  is  an  energetic  advocate  of 
monism  among  men  of  science,  has  always  maintained  it.  du 
Bois-Reymond  alludes  to  such  a  possibility  only  briefly  when  he 
says :  "  Finally,  the  question  arises,  whether  the  two  limits  of  our 
knowledge  of  nature  may  not  perhaps  be  the  same,  i.e.,  whether,  if 
we  understand  the  nature  of  matter  and  energy,  we  may  not  also 
understand  how  under  certain  conditions  matter  may  have  sensa 
tions,  desires,  and  thoughts.  This  idea  is,  of  course,  the  simplest 
one,  and  according  to  the  known  principles  of  investigation  is  pre- 
ferable to  its  opposite,  according  to  which,  as  before  said,  the  world 
appears  doubly  inconceivable.  But  it  lies  in  the  nature  of  things 
that  we  cannot  elucidate  this  point,  and  all  further  words  concern- 
ing it  are  idle."  Therefore,  "  as  to  the  riddle  of  matter  and  energy 
and  their  conceptions,"  du  Bois-Reymond  decides  upon  complete 
renunciation  and  proclaims  to  science  not  only  a  temporary 
"  ignoramus"  but  an  eternal  and  demonstrative  " ignoroMmvs." 


2.  Physical  World  atid  Mind 

We  have  followed  du  Bois-Rejmaond's  course  of  thought  thus  in 
detail,  in  order  to  show  that  the  knowledge  assumed  by  him  as 
the  starting-point  of  his  considerations  very  soon  encounters 
obstructions,  in  view  of  which  the  world  appears  incomprehensible. 
But  eternal  renunciation  falls  heavily  upon  the  indefatigable 
thinker,  and  he  is  bound  to  ask  whether  this  assumed  path  of 
knowledge  is  a  right  one,  whether  the  definition  of  a  knowledge 
of  nature  as  a  resolution  into  the  mechanics  of  atoms  is  correct 
or  justified.  We  will,  therefore,  test  this  basis  of  our  considerations 
and  inquire  what  knowledge  is. 

For  this  purpose  we  will  take  the  conception  "  knowledge  "  in 
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its  widoat  and  moat  j^<!neral  aensc.  One  indispensable  condition 
of  the  conception  is  the  assumption  that  something  ixcisis.  If  we 
make  this  assumption,  if  we  have  something  real  or  actual. 
a  fixed  point,  then  knowledge  is  simply  the  causal  reduction  of 
all  phenomena  to  this  reality.  We  have  a  measure  for  knowledge 
in  the  satisfying  of  our  craving  for  causality ;  and  the  latter  will 
necessarily  be  satisfied,  when  once  we  have  placed  all  phenomena 
in  causal  relation  to  the  one  reality. 

Nevertheless,  an  objection  may  here  be  raised.  Let  us  suppose 
that  we  have  succeeded  in  reducing  all  phenomena  to  the  one 
reality.  (This  reality  appears  in  the  different  philosophical 
sj-stenis  uniler  very  different  names,  such  as  God,  thing-in-itself, 
the  unknown,  etc, — the  terms  are  equivalent  and  without  material 
significance.)  The  question  would  then  arise,  whether  our 
craving  for  causality  would  be  satisfied,  or  whether  it  would  not 
force  us  still  farther  to  ask.  What  is  this  thing  which  exists,  this 
reality,  the  unknown,  the  thing-in -itself,  God,  or  whatever  il  is 
termed  <  In  the  latter  case,  here,  aeain,  would  be  a  limit  to  our 
knowledge.  If  we  understand  it  rightly,  however,  this  limit  would 
be  a  logical  error,  a  false  conclusion.  Our  craving  for  causality 
arose  and  became  established  in  the  course  of  evolution  by  the 
continual  reduction  of  effects  to  causes,  and  it  is  easily  possible 
that  in  the  present  case  it  would  continue  for  awhile  from  inertia 
tu  hold  before  us  the  question,  why  ?  But  it  is  evident  that  we 
would  thus  be  guilty  of  an  error  of  reasoning ;  for,  if  all  phenomena 
were  reduced  to  the  one  reality,  it  would  De  a  complete  contra- 
diction to  wish  to  know  that  reality  in  tenns  of  non-reality.  The 
demand  that,  afWr  complete  knowledge  of  the  world,  we  must 
know  the  world  still  more  involves  an  evident  absurdity.  Hence, 
the  above  objection  is  only  an  apparent  one. 
I  We  assume,  therefore,  the  desire  to  reduce  all  phenomena  to 
that  which  is  real.     Then  the  question  arises,  What  is  real  ? 

Here  we  come  in  contact  vritn  a  mistaken  view  which  is  espe- 
cially wide-spread  in  science  and  has  been  faithfully  handed 
down  from  primitive  time  as  an  heirloom  fix>m  the  childhood 
of  the  human  mind.  This  is  the  view  that  the  physical 
world  existing  outside  of  us  and  independent  of  our  own  mind  is 
real,  and  that,  accordingly,  we  must  reduce  all  phenomena  to  its 
laws.  The  impossibility  of  such  an  undertakii^  is  plainly  shown 
in  the  above  aigument  of  du  Bois-Beyraond.  Yet  a  great  many 
men  of  science — among  those  who,  like  du  Bois-Reymond,  have 
reflected  upon  the  limitations  of  human  knowledge,  we  need 
mention  only  the  gifted  botanist  Nageli  (77 ) — have  held  it  to  be 
possible  that  even  psychical  phenomena  may  be  resolved  into  the 
processes  of  matter.  Hence  il  is  useful  to  clarify  our  ideas  as  Ui 
what  matter  really  is. 

At  fir«t  sight  bodii-s  appear  t^i  u>^  as  actual  objc 
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our  own  minds.  Any  doubt  as  to  the  existcDt-e  of  a.  iiliysicaJ 
world  outsitb  of  mind,  will  apjicar  absuixi  to  one  who  has  uot 
roflecled  upon  it  r  a  body,  e.g.,  a  stone,  a  tree,  a  man,  which  we 
look  upon,  really  exists,  no  one  will  deny  this ;  we  actually  see  the 
body,  others  see  it;  and  we  say  it  exists.  We  are  right;  without 
a  doubt  it  eusts,  but  it  does  not  exist  outside  our  mind ;  for, 
when  we  examine  carefully  the  grounds  for  speaking  as  we  do, 
we  find  that  what  we  believe  we  see  or  feel  as  a  body  outside 
our  mind  is  actually  something  quite  different. 

Let  us  prove  this.  We  have  created  our  knowledge  of  a 
physical  world  by  means  of  sense-perception.  The  question  as  to 
what  can  and  docs  give  us  this  knowledge  is,  thereture,  one  belong- 
ing to  the  physiology  of  the  senses.  Now  the  physiology  of  the 
senses  shows  that  all  that  comes  in  through  the  cioor  of  our  senses 
affords  us,  siniply  and  solely,  sensations.  The  many  features  that 
constitute  the  image  of  a  body,  e.if.,  a  piece  of  gold,  are  so  many 
different  sensations,  e.g.,  a  yellow  colour,  hardness,  weight  and  cold- 
ness. Persons  with  an  innate  defect  in  a  sense,  in  whom  a  certain 
group  of  sensations  is  not  mediated,  e.g.,  persons  bom  blind,  have, 
therefore,  an  idea  of  the  physical  world  that  is  wholly  different 
from  that  of  normal  persons.  This  is  clearest  in  those  interesting 
cases  in  which  persons  who  are  born  blind  and  have  constructed 
their  physical  world  solely  by  means  of  the  senses  of  touch, 
hearing,  smell,  taste,  etc.,  have  been  made  to  see  by  surgical 
operations.  If  objects  that  such  persons  have  often  had  in  their 
hands  be  brought  for  the  first  time  before  their  eyes  without 
their  examining  them  by  the  other  senses,  it.i/.,  by  touchmg,  they 
do  not  recogmse  them :  a  ball  appears  to  them  as  something 
wholly  new,  and  only  when  they  touch  it  do  they  realise  to  their 
siirpnse  its  identity.  At  that  moment  a  new  world  begins  to 
arise  in  them.  The  physical  world  depends,  therefore,  wholly 
upon  the  development  of  our  sense-organs ;  to  animals  with  sense- 
organs  developed  differently  from  ours  it  must  appear  very  different, 
in  proportion  as  they  receive  other  sensations.  With  our  death, 
witn  the  destruction  of  the  senses  and  the  nervous  system,  the 
physical  world  in  its  previous  form  disappears. 

These  facts  areof  far-i-eachingsignificance.  Theyshow  that  what 
appears  to  us  as  matter  is  in  reality  our  own  sensations,  or 
ideas,  our  own  mind.  When  I  see  a  body  or  perceive  it  by  means 
of  my  other  senses,  in  reality  I  have  not  a  body  outside  of  myself 
but  only  a  number  of  sensations  in  my  mind.  Beyond  these  I 
know  nothing  concerning  it  and  can  only  form  hypotheses. 

It  is  necessary  that  we  accustom  ourselves  to  this  fundamental 
truth,  and  that  we  get  rid  of  the  error  of  the  existence  of  a  physical 
world  outside  of  mind.  In  order  to  facilitate  this  let  us  consider 
the  consequences  of  this  truth. 

If  the  physical  world  is  only  my  own  sensation,  or,  better,  since 
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it  involves  a  complexity  of  sensations,  my  own  idea,  I  must  assume 
that  a  reason  for  this  idea  exists.  Hence  the  question  arises.  What 
is  the  thing  outside  of  ray  mind  that  produces  in  me  through  the 
senses  this  idea  i     In  other  words,  what  is  the  external  world  ? 

This  question  contains  an  error.  As  is  well  known,  natural 
ecience  has  shown  that  every  phenomenon  in  the  physical 
world  has  as  its  cause  another  physical  phenomenon.  This  is  only 
an  expression  of  the  law  of  cause  and  effect,  '>.,  the  law  of 
causality.  Hence  the  cause  of  my  sensation  of  the  physical  is 
another  sensation  or  idea,  which  is  located  not  outside  of  but 
within  my  mind.  This  is  nothing  but  a  paraphrase  for  the  feet 
that  our  conception  of  causality  has  arisen  out  of  a  combination  of 
separate  expenences,  which  our  mind  has  obtained  by  observation 
of  the  regular  sequence  of  its  own  elements,  its  sensations  and 
ideas.  In  other  words,  causality  itself,  like  all  other  sensations, 
ideas,  conceptions,  or  whatever  we  may  term  it,  exists  only  in  our 
own  mind.  If,  therefore,  the  cause  of  my  idea  of  the  physical  is 
located  within,  the  supposition  of  a  reality  without  is  wholly  un- 
justified. 

Various  philosophers  have,  in  fact,  endeavoured  to  base  the  reality 
of  an  external  world  upon  the  causality  of  phenomena.  But  both 
rest  upon  the  same  error,  and  the  argument  presents  the  rare 
apectacle  of  an  attempted  proof  of  something  by  means  of  that 
which  is  to  he  proved. 

It  is  not  to  be  denie<l  that  to  everj'  one  who  follows  this  line  of 
thought  for  the  first  time  the  above  result  must  appe^ir  paradoxical, 
and  he  will  immediately  raise  the  objection  that  besides  himself 
many  other  men  exist,  possessing  minds  and  capable  of  making 
exactly  the  same  assertions  concerning  themselves  and  their  own 
minds.  But  here  the  delusion  is  again  evident.  To  me,  other 
men  are  bodies,  I  perceive  in  them  nothing  else.  Hence  they  are 
only  my  idea.  And  when  they  tell  me  that  they  have  a  mind  like 
myself,  that  they  likewise  feel  and  think,  it  is  true  ;  but  what  they 
say  to  me,  their  speech,  their  movements,  are  only  physical 
phenomena  and,  therefore,  only  my  own  ideas  According  to  our 
scientific  mode  of  expression,  their  mind  has  its  seat  tn  their  brain, 
but  if,  by  a  surgical  operation  upon  a  living  man,  I  am  ever 
enabled  to  examine  the  brain,  I  learn  that  nothing  is  to  be  found 
there  but  physical  elements.  I  am  thus  forced  to  the  conclusion 
that  what  I  regard  as  the  mind  of  another  is  also  only  my  own 
idea.  In  short,  whatever  path  I  take,  I  come  constantly  to  the 
conclusion  that  all  that  seems  to  be  outside  of  me,  whether  it  be 
a  lifeless  body,  a  living  man  or  a  human  mind,  is  in  reality  only 
my  own  mind.  Beyond  my  own  mind  I  cannot  go.  My  own 
individuality,  indeed,  is  only  an  idea  of  my  mind,  and,  therefore, 
I  cannot  finally  say,  the  world  is  my  idea,  but  I  must  say  the 
world  is  an  idea,  or  a  sum  of  ideas,  and  what  appears  to  me  as  my 
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the  preceding  considerations.  It  was  found  that  the  sole  reality 
that  we  are  able  to  discover  in  the  world  is  mind.  The  idea  of  the 
phjreical  world  is  only  a  product  of  the  mind,  and  with  the  altera- 
tion of  an  old  sentence  of  the  sensualists,  it  can  be  said :  Nihil  est 
in  universo,  quod  non  o.niea-  futrit  in  irUellectu.  But  this  idea  is 
□at  the  whole  of  mind,  for  we  have  many  mental  constituents, 
such  as  the  simple  sensations  of  pain  and  of  pleasure,  that  are  not 
ideas  of  bodies.  The  task  of  psychology,  i.e..  the  investigation  of 
mind,  consists  in  the  analysis  of  nil  mental  constituents.  By 
investigating  the  contents  of  mind,  by  decomposing  the  higher 
psychical  phenomena,  the  more  complex  groups  and  series  of  ideas, 
into  their  simple  constituents,  psychology  arrives,  finally,  at  the 
most  primitive  psychical  phenomena,  the  psychical  elements,  and  in 
the  same  degree  discovers  the  laws  of  the  arrangement  of  these 
elements  into  the  higher  groups  and  series  of  ideas.  Just  as  in 
mathematics  the  endless  variety  of  numbers  is  formed  according 
to  laws  out  of  the  numerical  unit,  so  psychology  reduces  the  end- 
less variety  of  psychical  phenomena  to  their  formation,  according 
to  laws,  out  of  the  psychical  elements.  But  the  idea  of  matter, 
or,  better,  of  an  atom,  is  not  a  psychical  element,  it  is  a  great  com- 
plex of  highly  developed  ideas.  An  atom  is  nothing  but  a  thing 
possessing  all  the  properties  of  a  body,  such  as  hardness,  impene- 
trability, form,  and  extension,  all  of  which  presuppose  very  complex 
pi^chical  processes.  The  endeavour  of  natural  science  to  reduce 
the  phenomena  of  the  physical  world  to  the  mechanics  of  atoms  is 
justifiable  ;  it  is  an  endeavour  to  derive  the  phenomena  of  large 
bodies  from  the  properties  of  their  matenal  parts.  But  the 
attempt  to  reduce  to  the  motions  of  atoms  all  psychical  phenomena, 
not  only  ideas  of  the  physical  world  but  others,  such  as  simple  sen- 
sations, is  precisely  as  absurd  as  the  endeavour  to  reduce  all 
numbers  in  the  numerical  series  to  2  instead  of  to  the  numerical  unit, 
for  the  complex  notion  of  the  atom  is  not  a  unit,  not  a  psychical 
element.  Herein  lies  the  fallacy  of  the  problem,  and  hence,  as 
the  history  of  human  thought  has  shown  so  strikingly,  all  attempts 
to  explain  the  psychical  by  the  physical  must  fail. 

The  actual  problem  is  prrciiely  tke  reverse.  It  coiisists  not  in 
fxplaining  psychical  hy  physical  phenomena,  but  rather  in  redwnny 
to  iispsychical  elements  physical,  like  all  other  psychical,  phenomena. 

In  natural  science  the  view  is  frequently  met  with,  that 
knowledge  of  the  world  falls  into  two  sharply  separated  categories, 
namely,  metaphysics  and  science.  Metaphysics  is  left  to 
philosophy,  and  science  is  limited  to  the  investigation  of  the 
physical  world.  But  the  fact  is  often  overlooked  or  intentionally 
neglected,  that  every  process  of  knowledge,  including  scientific 
knowledge,  is  merely  a  psychical  event,  that  science  also  deals 
with  "  motaphysics,"  as  in  accordance  with  an  ancient  and  unfor- 
tunate manner  of  expression  it  is  cnstomarj'  to  tenn  it.  and  I'ven 
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that  sciencf  cannot  exist  without  metaphysics.     This  fact  cftnnot 
be  banished  by  the  well-known  method  of  the  ostrich. 

It  thia  appears  to  be  a  contradiction  to  contrast  nature  (^lio-cs) 
with  aonietning  "  beyond  "  nature  (/iera  Ttjv  ifivo-tp).  There  is  but 
(»«  world,  whether  this  be  termed  nature,  mind,  reality,  or  anything 
else.  It  follows  also  that  there  is  but  one  kind  of  knowledge,  and 
not  two.  As  soon,  therefore,  aa  the  question  arises  of  principles 
and  bases  of  knowledge,  all  artificial  boundaries  disappear.  We 
should  not  be  deceived.  The  goal  toward  which  the  human  mind 
is  striving  in  its  theoretical  investigations  is  not  simply  a 
knowledge  of  the  lifeless  physical  world  or  of  living  bodies,  or  of 
this  or  that  psychical  phenomenon,  but  it  is  a  knowledge  of  the 
world.  A  division  of  labour  among  investigators,  however,  should 
not  only  not  be  deprecated,  but,  because  of  the  excessive  multitude 
of  phenomena,  should  be  encoumged ;  nevertheless,  the  purely 
supplementary  purpose  of  such  a  division  must  be  kept  in  mind, 
and  the  artificial  boundaries  between  the  various  fields  of  labour 
must  not  be  confounded  with  the  natural  boundaries.  A  severe 
blow  will  be  inflicted  upon  the  coming  centuries,  if  the  gulf 
between  philosophy  and  science  widens  constantly  from  both  sides ; 
if,  upon  the  one  side,  confused  speculation,  aud,  upon  the  other, 
narrow  specialisation  constantly  prevail  and  prevent  a  mutual 
approach  toward  a  beneficent  common  labouring-ground.  Science 
cannot  make  salutary  advances  without  a  philosophical  working- 
plan,  and  we  see  in  the  history  of  science  that  great  discoveries 
have  been  made,  not  by  restricted  specialisation,  but  by  investi- 
gators working  philosophically,  it.,  systematically,  methodically, 
and  cognisant  of  their  aim.  But  philosophy  can  obtain  really 
important  results  just  aa  little  by  a  purely  speculative  method,  by 
not  keeping  close  to  established  facts  and  not  submitting  its 
speculations  to  the  severe  criticism  of  experience.  The  history  of 
science  proves  that  true  advance  comes  only  by  thoughtful 
investigation.  The  above  theoretical  considerations  regarding 
knowledge  ought  to  give  us  a  basis  for  investigation  such  os  eveiy 
thinking  investigator  sooner  or  lat^r  must  make  for  himself,  and 
upon  which  he  must  build  brtwidly  and  fret-!y  in  order  that  his 
labours  may  be  fruitful. 

The  most  important  result  afforded  by  the  above  considerations 
is  the  monistic  standpoint,  in  accordance  with  which  the  world 
appears  as  unitary,  and  the  dualism  of  the  physical  world  and  mind 
as  an  illusion.  The  fact,  which  appears  so  remarkable  from  other 
standpoints,  is,  therefore,  not  surprising,  that  the  laws  that 
rv^ntrol  the  physical  world  and  those  that  control  mental 
ena  are  completely  identical.  This  appears  necessarily  so 
e  find  that  the  phenomena  of  the  physical  world  are 
1  according  to  space,  time  and  causality,  and  when  we 
s  therein  the  logical  principles  of  our  own  thought:  the 
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laws  of  the  physical  world  are  the  laws  according  to  which  our 
own  psychical  phenomeDa  occur,  because  the  physical  world  is 
only  our  own  idea.  All  science,  therefore,  is  In  this  aense 
psj'chology. 

We  will  DOW  summarise  our  considerations  regarding  investiga- 
tion. We  started  out  with  the  question,  wnether  there  are 
impassable  limits  to  a  knowledge  of  the  world.  If  we  understand 
by  knowledge  the  reduction  of  phenomena  to  the  motions  or  the 
mechanics  of  atoms.  liraitB  do,  indee<l,  exist.  For  not  only  is  the 
atom,  and  hence  matter,  yet  to  be  explained,  but,  as  du  Bois- 
Beyinond's  clever  undertaking  has  shown  very  clearly,  it  is 
impossible  to  reduce  psj-chical  phenomena  to  the  mechanics  of 
atoms.  If,  however,  we  conceive  Knowledge  in  a  more  general  and 
the  only  justified  sense,  namely,  the  reduction  of  phenomena  to  the 
elements  of  reality,  we  find  that  no  limits  exist,  for  the  sole  reality 
is  our  mind  and  all  phenomena  are  only  its  contents  ;  explanation, 
therefore,  consists  simply  in  the  reduction  of  all  psychical 
phenomena  to  their  elements.  In  this  sense,  all  science,  and  in 
general  all  knowledge,  is  in  the  end  psychology.  We  thus  coiue 
to  the  only  consistent  standpoint,  namely,  monism,  the  unitary 
view  of  the  world,  which  seeks  to  derive  all  phenomena  from  a 
single  cause.  From  this  standpoint  we  see  why  we  meet  with 
limits  when  we  define  knowledge  to  be  the  reduction  of  phenomena 
to  the  mechanics  of  atoms.  An  atom  is  not  an  element  of  reality 
but  a  complex  idea,  hence  all  phenomena  are  not  reducible  to 
atoms  :  just  as  in  a  series  of  numbers  the  element  of  which  is  the 
unit  1,  all  are  reducible  to  the  common  unit  but  not  to  a  number 
more  complicated  than  1,  e.g.,  1.  It  is  thus  evident  that  a  limit 
can  no  more  exist  to  the  investigation  of  physical,  than  to  that  of 
psychical  phenomena ;  for,  since  bodies,  in  other  words,  atoms  or 
matter,  are  only  ideas,  in  other  woi-ds.  psychical  phenomena,  they 
may  be  reduced  to  the  same  psychical  elements  as  ideas. 


C.    VITALISM 

We  will  now  turn  again  to  the  consideration  of  vital  phenomena. 
The  above  reflections  have  shown  the  possibility  of  reducing  all 
phenomena,  physical,  as  well  as  psychical,  to  a  common  cause, 
The  question  that  led  to  those  reflections,  whether  vital  phenomena 
are  based  upon  the  same  causes  as  those  of  non-Uvmg  nature, 
would  be  answered  aflirrnatively  if  we  were  to  go  back  to  final 
causes — and  it  has  been  found  that  no  insurmountable  boundaries 
limit  research.  If,  however,  we  confine  ourselves  to  the  special 
Held  of  physiology,  the  investigation  of  the  physical  phenomena  of 
life,  we  know  that  natural  science  has  shown  that  the  phenomena 
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of  lifeless  bodies  may  be  derived  from  the  properties  of  the  smallest 
material  elements,  atoms  endowed  with  energy,  and  the  question 
then  takes  the  form  :  May  the  phenomena  of  living  bodies  also  be 
reduced  to  the  same  factors  ? 

Vitalism  says,  no  ;  a  special  force,  vital  forcCy  prevails  in  organ- 
isms and  induces  vital  phenomena.  Vital  force  is  limited  to 
the  world  of  living  matter  and  is  not  identical  with  the  chemico- 
physical  forces  of  lifeless  nature. 

These  words  contain  the  essence  of  vitalism.  It  is  interesting 
to  inquire  upon  what  the  hjrpothesis  of  vitalism  rests,  and  what 
justification  it  has.  In  the  above  review  of  the  history  of  physio- 
logical research,  the  history  of  the  doctrine  of  vital  force  was 
outlined.  It  was  there  seen  that  the  conception  arose  in  connection 
with  the  phenomena  of  irritability,  and  that  it  has  always  been 
vague  and  has  served  chiefly  for  convenience.  This  indistinctness 
regarding  it  is  the  chief  difficulty  in  the  way  of  its  critical 
elucidation.  If  the  conception  could  be  sharply  defined,  it  could 
be  treated  more  easily. 

The  claim  for  a  vital  force  rests  solely  upon  the  fact  that  thus 
far  it  has  not  been  possible  to  reduce  certain  vital  phenomena  to 
chemico-physical  principles.  Indeed,  when  the  achievements  of 
physiological  research  were  summarised  above,  the  discouraging 
fact  became  apparent  that  the  vital  phenomena  that  have  been  ex- 
plained are  only  the  gross  physical  and  chemical  activities  of  the 
body,  and  that  whenever  the  attempt  has  been  made  to  show 
their  deeper  causes,  unsolved  problems  have  always  opposed  it. 
Bunge  ('94)  even  asserts :  *'  The  more  we  strive  to  investigate 
vital  phenomena  exhaustively,  in  many  directions,  and  funda- 
mentally, the  more  we  come  to  perceive  that  events  which  we 
believed  we  could  explain  physically  and  chemically  are  exces- 
sively intricate  and  for  the  present  mock  at  all  mechanical 
explanation.'' 

Although  the  fact  is  to  be  little  doubted,  that  thus  far,  many, 
especially  the  elementary  and  general  vital  phenomena  have 
jdefied  all  chemico-physical  explanation,  the  assertion  is  not, 
therefore,  logically  justified,  that  these  phenomena  do  not  follow 
chemico-physical  laws  at  all,  but  that  a  special  vital  force  exists 
and  causes  them.  Moreover,  there  are  facts  that  speak  against 
the  existence  of  such  a  force. 

In  spite  of  all  endeavours  thus  far,  the  vitalists  have  not 
succeeded  in  establishing  the  existence  of  any  special  force  in 
organisms,  i.e.,  they  have  not  been  able  to  characterise  such  a  force 
from  its  efiects,  as  physics  and  chemistry  have  done  for  the  forces 
of  inorganic  nature.  With  regard  to  none  of  the  actions  of  the 
body  supposed  to  be  due  to  a  vital  force,  have  they  been  able  to 
contradict  the  assertion  that  such  actions  are  only  the  expression 
of  complex  chemico-physical  relations.     Kg,,  it  was  long  believed 
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that  certain  substances  f'uund  exclusively  in  the  livinc;  organism 
cannot  be  produced  cheinico-physically,  but  arise  only  tnroiigli  the 
working  of  the  vital  force.  But,  aa  has  been  seen  (p.  23),  in  the 
year  1828,  Wohler  weakened  this  once  so  powerful  support 
for  the  vitalistic  creed  by  man ufectu ring  synthetically  in  his 
laboratory  urea,  a  body  which  ordinarily  is  produced  only  in  the 
metabolism  of  the  living  organism.  He  obtained  this  from 
ammonium  cyanate,  (NH,}CNO,  which  is  isomeric  with  urea 
(NHj)jCO,  I.e.,  possesses  the  same  number  of  the  same  atoms  in  a 
different  arrangement.  But  ammonium  cyanate  is  manufactured 
out  of  purely  inorganic  materials.  This  synthesis  of  urea  has 
been  followed  by  others  of  equal  importance,  all  of  which  go  to 
show  that  characteristic  sul^tances  belonging  to  the  organism 
may  be  compounded  artificially.  The  assumption  of  a  special  vital 
force  for  their  production  in  the  organism  is  thus  rendered  super- 
fluous. Of  course  it  has  not  yet  been  possible  to  manufecture  a 
great  number  of  substances  belonging  to  the  animal  and  the  plant 
body.  Indeed,  the  most  important  of  these  substances,  proteids, 
iave  thus  far  resisted  artificial  production  in  the  laboratory,  but 
the  reasons  for  this  are  evident.  The  exact  chemical  composition 
of  proteids  is  not  yet  known  ;  we  know  what  atoms  are  con- 
tained in  them,  but  we  have  no  idea  how  these  atoms  are  joined 
together.  Accordingly  it  is  evident  that  success  in  the  attempt 
to  manufacture  proteids  artificially  ought  not  yet  to  be  expectwl. 
A  second  reason  is  that  thus  far  we  have  no  correct  idea  of  the 
chemico-physical  conditions  under  which  these  substances  arise  in 
the  organism ;  and  chemistry  has  recently  shown  very  clearly 
that  the  inauguration  of  a  chemical  process  dopencb  not  only 
upon  the  presence  of  the  necessary  substances,  but  also  upon 
the  fulfilment  of  certain  other  conditions.  Thus,  it  has  been 
found  that  many  chemical  transformations  that  do  not  take  place 
in  a  large  space,  occur  very  easily  in  capillary  spaces  under  other- 
wise like  conditions,  and  vice  versa.  An  example  long  known  is 
the  union  of  oxygen  and  hydrogen  in  the  spongy-platinum  of 
Uobereiner's  lamp.  It  is  knotvn  that  hydrogen  streaming  out  of  a 
tube  into  the  air  does  not  spontaneously  unite  with  the  oxygen  of 
the  air ;  but,  if  it  pass  into  the  tine  pores  of  platinum-sponge,  the 
union  takes  place  at  once,  and  the  hydrogen  bums  with  a  luminous 
tiame  t-o  form  water.  Such  processes  are  termed  condensiitions. 
I  It  is  known  also  that  many  chemical  processes  take  jilace  only 
L  when  the  substances  involved  are  present  in  large  quantity 
I  — a  phenomenon  which  as  mass-effect  plays  an  important 
rdle  not  only  in  the  laboratory  but  also,  as  already  demon- 
strated, in  the  animal  body.  Recently.  Preyer  and  Wendt 
('91)  have  suggested  the  presence  of  condensation-jirocesses  and 
the  absence  of  mass-effect  in  capillary  spaces  as  a  reason  why  in  the 
organism,  where   capillary   spaces   exist   in   the   cells   and   their 
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contente,  certain  cheuiical  trausforiiiationn  iJikc  placo  fliffcrently 
from  their  cUHlomary  manner  in  mass. 

Another  consideration,  which  renders  the  assumption  of  a  spi- 
cial  vital  force  still  more  untenable,  is  the  following.  The 
calorimetric  researches  of  the  present  time  show  that  in  the  adult 
animal  which  is  in  complete  metabolic  equilibrium,  i.e.,  which 
gives  off  from  its  body  as  excretions  exactly  as  many  titoms  as  it 
takes  in  as  food,  compete  dynamic  equilibrium  also  exists,  t.**., 
exactly  the  same  quantity  of  energyjfcat.epters  [heVidy  with  the 
food  as  chemical  tension  leaves  tbe-body  durihg-the  vital' activity 
of  the  animal.  Hence  all  the  energy  that  is  transformed  by  the 
body  in  the  performance  of  its  work  must  be  derived  solely  from 
the  energy  that  conies  in  with  the  food.  If  this  were  not  so,  we 
would  be  led  to  absurd  conclusions;  for,  if  the  activities  of  the 
body  were  supplied  from  a  fund  of  special  energy,  a  "  vital  force," 
we  would  be  obliged  to  assume,  not  only  that  the  latter  is  con- 
tinually constructed  in  the  body  out  of  nothing  in  order  continually 
to  maintain  the  work  of  the  body,  but  also  that  the  potential  of 
the  food  being  superfluous  is  continually  disappearing  m  the  body. 
At  the  present  day  no  true  man  of  science  can  agree  with  such  an 
idea,  Johannes  MUller  was  a  vitalist,  and,  although  the  law  of 
the  conservation  of  energy  was  unknown  to  him,  he  felt  and 
endeavoured  to  avoid  this  difficulty  by  assuming  that  vital  force 
works  according  to  chemico-physical  laws.  By  such  an  assumption 
a  specific  force,  different  from  cheraico-physical  forces,  is  in 
principle  laid  aside,  for  vital  force  is  then  only  a  collective  term 
for  the  complicated  chemico-physical  relations  upon  which  vital 
phenomena  depend.  In  fact,  many  scientists  conceive  the  term 
in  this  sense  only,  and,  if  MUller  had  been  acquainted  with  the 
law  of  the  conservation  of  energy,  he  would  surely  have  avoided 
the  expression  "  vital  force." 

Since  the  middle  of  the  present  century  the  old  conception  of 
vital  force  has  disappeared  completely  from  physiology.  Hence  it 
appears  strano^e  to  hear  at  the  present  time  here  and  there 
the  catch-words  of  that  doctrine.  A  careful  examination  of  this 
reappearance  shows,  however,  that  the  old  words  are  now  employed 
in  a  very  unfortunate  connection,  that  their  sense  has  been  com- 
pletely changed,  and  that,  when  "vitalism"  and  "  neovitalism  " 
are  now  spoken  of,  something  wholly  different  from  the  old  doctrine 
of  vital  force  is  meant.  In  general,  among  the  phenomena  of  the 
newer  vitalism  two  gronps  may  be  distinguished,  which  may  be 
termed  mechanical  and  psychical  vitaiimn} 

Mechanical  vitalism  is  the  view  that  vital  phenomena  depend  at 

bottom  upon  the  agency  of  physical  and  chemical  forces :  but  that 

'ving  organisms  these  forces  are  linked  together  into  such  a 

ar  and  thus  far  unexplored  complex  that  for  the  present  it 

'  Of.  Verwom  ('96,  2). 
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Imust  be  contrasted  with  all  the  forces  of  inorganic  nature  as  a 
»Bpc:cific  vital  force,  characterising  the  actions  of  living  organisnui 

■  only.  In  other  words,  by  vital  force  is  meant  simply  the  special 
■«Bi>ect  of  ch em i co-physical  forces  that  lies  at  the  basis  of  vital 
1  phenomena.  It  is  evident  that  no  objection  can  be  brought  against 
Kuie  facts  upon  which  this  idea  is  based.  But  it  is  another  question 
Vwhether  the  terms  "  vital  force  "  and  "  vitalism  "  are  justified  in 
rthis  case.  The  new  idea  has  nothing  to  do  with  the  old  vitalism, 
'  which  assumed  a  "ftrrce  h/perm^ehaniqne  "  as  the  cause  of  vital 

phenomena.  A  return  to  thp  ill-reputed  word,  which  arouses  a 
well-defined  prejudice,  is  simply  to  give  up  the  advantage  afforded 
by  the  hard-earned  conviction  of  the  unity  of  cause  in  all  nature. 
L  Psychical  vitalism,  as  defended  by  Eunge  ('94),  and  essentially, 
■although  more  poetically  than  exactly,  by  Riridtleisch  ('95),  is 
^something  wholly  different.  It  is  properly  not  a  physiological 
tl>ut  rather  a  philosophical  doctrine,  which  springs  from  a  correct 
Kappreciatiou  of  the  inadequacy  of  materialism,  and  it  is  to  be 
T regretted  that  it  employs  the  extremely  unsuitable  names 
I"  vitalism  "  and  "  neovitalism." 

We  will  consider  somewhat  more  fully  the  vitalistic  standpoint 
mpt  Bunge.  Bunge  expresses  the  vitalistic.  creed  unambiguously  in 
rthe  statement :  "  If  the  opponents  of  vitalism  maintain  that  abso- 
lutely no  other  factors  are  present  in  living  nature  than  simply 
and  solely  the  forces  and  sunstances  of  inanunate  nature,  I  must 
take  issue  with  their  doctrine."  Nevertheless,  from  his  further 
.  deductions  it  appears  equally  evident  that  his  vitalism  is  no 
L  vitalism  at  all.  Bunge's  vitalism  in  reality  is  essentially  a 
K philosophical  idealism  arising  from  considerations  similar  to 
■those  expressed  above  regarding  the  theory  of  knowledge. 
■Biinge  is  guilty  of  the  one  inconsistency,  however,  that  he 
KAScriues  mind  to  orgimic,  but  nut  to  inorganic,  nature ;  and  it  is 
■this  inconsistency  that  leads  him  to  profess  vitalism,  for  to  him 
B-inind  ia  the  element  that  distinguishes  the  phenomena  of  the  living 
■physical  world  from  those  of  the  lifeless.  It  is  a  cause  of  personal 
ftsatisfaction  that  one  of  our  most  prominent  physiologists  ha.s 
^raaergetically  defended  views  similar  to  those  to  which  my  own 
M general  considerations  have  led,  and,  thercfoi-e,  I  venture  to 
Kpresent  herewith  the  passage  in  question  from  the  introduction 
Pof  Bunge's  book;   it  contains   more  profound  reasoning  than  is 

■  usually  realised.  Relative  to  Johannes  MUUer's  law  of  the  specific 
energy  of  the  special  senses,  Bunge  says :  "  I  mean  the  simple 
law  that  one  ancl  the  same  stimulus,  one  and  the  same  event  in  the 
external  world,  one  and  the  .same  thing-in-itself,  acting  upon  the 
iifiereat  sense-nerves  always  causes  ("discharges")  different 
sensations,  and  that  different  stimuli  acting  upon  the  same  sense- 
lerve   always  cause  the   same  sensation ;    in   other   words,  that 

i  in  the  external  world  have  nothing  in  common  with  our 


46  GENERAL  PHYSIOLOGY 

sensations  and  ideas,  that  the  external  world  is  for  us  a  book  with 
seven  seals,  and  that  the  only  things  immediately  accessible  to 
our  observation  and  knowledge  are  the  conditions  and  events  of 
our  own  consciousness. 

"  This  simple  truth  is  the  greatest  and  deepest  that  the  human 
mind  has  ever  conceived.  And  it  leads  us  also  to  a  complete 
understanding  of  that  which  constitutes  the  essence  of  vitalism. 
The  essence  of  vitalism  does  not  consist  in  our  being  satisfied 
with  a  word  and  foregoing  the  thought.  It  consists  in  our  taking 
the  only  right  path  of  knowledge,  proceeding  from  the  known,  the 
inner  world,  to  explain  the  unknown,  the  outer  world.  Mechanism, 
which  is  nothing  but  materialism,  takes  the  reverse  and  wrong 

Eath,  it  pi-oceeds  from  the  unknown,  the  outer  world,  to  explain  the 
nown,  the  inner  world." 
We  have  seen  that  if  we  would  explain  the  phenomena  of  the 
world  in  their  entirety  we  must  go  back  to  elements  that  are  very 
different  from  atoms ;  that,  however,  when  we  confine  ourselves  to 
physical  phenomena,  we  find  no  difference  between  the  factors 
that  work  in  lifeless  and  those  that  work  in  living  bodies. 
Logic  demands  that  every  body,  whether  living  or  lifeless,  must 
be  subject  to  the  general  laws  of  bodies,  which  phjrsics  and 
chemistry  reveal.  It  is  evident  that  these  two  sciences  are  not 
yet  completed,  and  that  in  the  future  many  of  their  essential 
views  will  imdergo  profound  changes.  But  so  much  is  certain : 
an  explanatory  principle  can  never  hold  good  in  physiology  with 
reference  to  the  physical  phenomena  of  life  that  is  not  also  applicable 
in  chemistry  and  physics  to  lifeless  nature.  The  assumption  of  a 
specifiAi  vital  force  in  every  form  is  not  only  wholly  superfluous,  hU 
inadmissible. 


D.    CELL-PHYSIOLOGY 

How  does  it  happen  that  after  the  ill-reputed  idea  of  the 
existence  of  a  vital  force  has  been  regarded  for  decades  as  definitely 
set  aside,  modern  science  turns  again  to  this  outlawed  word  as  a 
motto,  in  spite  of  the  great  variety  of  its  significations  ?  Why 
have  such  words  as  "  vital  force "  and  "  vitalism "  been  able  to 
exert  in  recent  times  an  influence  upon  investigators  such  as 
Hanstein  ('80),  Kerner  ('87),  Bunge  (^94),  Rindfleisch  ('88,  '95), 
and  others  ?  It  is  not  difficult  to  discover  the  reason.  It  is  the 
same  that  in  Haller's  time  gave  birth  to  the  idea  of  vital  force, 
namely,  the  inability  to  explain  vital  phenomena  mechanically,  i.e., 
to  reduce  them  to  chemico-physical  principles.  This  condition 
has  existed  during  recent  decades  also,  but  it  was  largely 
neglected  so  long  as  the  attention  was  occupied  more  with  the 
epoch-making  physiological  discoveries  of  Ludwig,  du  Bois- 
Re3nfnond,  Helmholtz  and  others.     We  are  becoming  more  con- 
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flcious  of  it  now,  when  the  brillifint  discoveries  of  the  great 
physiologists  of  the  present  century  have  been  followed  to  their 
ultimate  consequences,  when  the  mechanics  of  the  grosser  actions 
of  the  body  are  eaaeotially  known,  when  research  is  engaged  in 
extending  into  their  details  the  results  obtained  in  the  old  direc- 
tion, and  when  by  the  old  methods  nothing  eK^^entially  new  and 
pre-eminent  ia  being  discovered.  There  is  also  another  favouring 
circumstance.  The  science  of  to-day  is  in  great  part  still  under 
the  ban  of  that  potent  spell  with  which  du  Bois-Reymond 
benumbed  and  dLscouragetf  ambitions  minds,  when  by  pro- 
claiming his  "  ignarabiimts "  he  placed  research  in  an  attitude  of 
eternal  renunciation,  the  necessity  of  which  is  acknowledged  the 
more  willingly  since  it  was  urged  by  such  an  authority  and  in  sfi 
convincing  a  form.  This  renunciation,  combined  with  the  fact  that 
great  difficulties  stand  in  the  way  of  solring  certain  problems  of 
ufe  by  the  methods  hitherto  in  use,  is  sufficient  to  explain 
psychologically  an  inclination  toward  coquetting  with  vitalism, 
whether  the  latter  appears  in  its  ancient  or  in  its  modern  attire. 

Nevertheless,  eternal  renunciation  falls  heavily  upon  the  human 
mind,  and  even  du  Bois-Reyraond  did  not  accept  it  easily.  From 
this  natural  aversion  to  such  a  conclusion  we  may  suppose  that 
the  standpoint  of  renunciation  toward  vital  problems  is  not  in- 
herent in  the  human  mind  and  is  not  ju.stified.  The  above 
considerations  vindicate  this  supposition,  and,  moreover,  the 
standpoint  is  denied  in  practice  by  most  investigators.  If, 
therefore,  it  is  not  the  correct  one,  and  if,  nevertheless,  the 
physical  phenomena  of  life  are  based  upon  mechanical  processes, 
It  only  remains  to  adopt  another  course. 

We  have  arrived  at  a  turning-point  in  physiology,  a  turning- 
point  that  was  never  more  apparent.  The  appearance  of 
neovitalism  is  a  sign  of  it.  The  old  spirit  of  vital  force  is 
reappearing  to  many  men  of  science  to-day,  just  as  in  history, 
previous  to  great  changes,  significant  spirits  have  appeared  to 
clairvoyants. 

It  is  not  difficult  to  see  what  characterises  this  turning-point. 
When  we  inquire  what  we  have  attained  in  physiology,  we  find 
that  we  have  become  acquainted  chietiy  with  the  gross  chemical 
and  physical  phenomena  of  the  body— thanks  to  the  ingenious 
methods  of  investigation  and  the  weighty  discoveries  of  the 
investigators  of  our  time,  which  are  often  characterised  by  an 
exactness  such  as  is  foiind  elsewhere  only  in  the  discoveries  of 
physics.  We  know  the  laws  of  the  activity  of  the  heart,  the 
movement  of  the  blood,  the  exchange  of  air  in  the  lungs,  the 
contraction  of  muscle,  the  conduction  of  nerves ;  we  know  the 
actions  of  the  sense-organs,  how  the  digestive  juices  act  upon  thi- 
food,  and  the  special  anatomical  basis  of  many  psychical  phenomena. 
But  all  these  are  only  the  mass-effects  of  large  parts  of  the  bodv. 
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they  iire  not  the  end-results  of  vital  activity,  All  that  we  are 
now  accoinpliBhing  by  means  of  the  special  methods  that  were 
created  by  the  great  masters  of  physiology  for  this  purpose,  is 
essentially  only  an  extension  of  our  present  knowledge  into  finer 
details,  and  its  application  to  analogous  conditions.  Every  glance 
into  physiological  literature  proves  this.  Every  new  number  of 
the  journals  shows  it.  At  present  there  is  no  dominating 
tendency  in  physiology,  such  as  was  the  physical  tendency  a  short 
time  ago.  A  new  great  discovery  is  made  along  the  present  path 
only  rarely,  in  spite  of  a  frequently  marvellous  employment  of 
ingenuity  and  knowledge,  and  yet  the  real  riddles  of  life  are  not 
yet  solved.  We  would  not  go  so  far  as  Bunge  goes,  and  maintain 
that  all  phenomena  which  thus  far  have  been  explained  mechanically 
are  not  vital  phenomena  at  all ;  but  there  can  be  no  doubt  that 
thus  far  we  have  not  been  able  to  explain  the  genei-al,  the 
elementajy,  vital  phenomena.  This  impotence  of  the  physiology 
of  to-day  in  the  presence  of  the  simplest  vital  pnxiessos  points 
plainly  to  the  fact  that  the  methods  that  have  explained  the  mecha- 
nics of  gross  and  special  physiological  activities,  howevnr  ingeniously 
they  were  devised  for  that  purpose,  fiiil  for  other  purposes,  for  the 
investigation  of  the  elementary  bjkI  general  activities. 

In  oraer  to  solve  the  elementary  general  problem  we  must  take 
a  wholly  different  path.  There  is  only  one  such  path,  and  it  wa-t 
clearly  indicated  when  the  facts  in  the  history  of  physiological 
research  were  summarised.  Consideration  of  the  individual 
functions  of  the  body  urges  us  constantly  toward  the  cell.  The 
problem  of  the  motion  of  the  heart  and  of  muscle -contraction 
resides  in  the  muscle-cell  i  that  of  secretion  in  the  gland-cell ; 
that  of  food -reception  and  resiirjition  in  the  epithelium -cell  and 
the  white  blood-cell;  that  of  the  regulation  of  all  bodily  activities 
in  the  ganglion-cell.  The  cell-theory  has  long  shown  that  the  cell 
is  the  structural  element  of  the  living  body,  the  elemental.' 
organism  in  which  the  vital  processes  have  their  seat.  Anatomy, 
embryology,  zoology,  and  botany  have  long  recognised  the  signi- 
ficance of  this  fact,  and  the  great  achievements  of  these  sciences 
are  a  brilliant  proof  of  the  fruitfulnees  of  the  cell-method  of 
investigation.  But  only  very  recently  has  the  simple  and  plainly 
logical  consequence  begun  to  be  recognised  that,  if  phyeiolog;- 
considers  its  task  to  be  the  investigation  of  vital  phenomena,  it 
must  investimite  them  in  the  place  where  they  have  their  seat.i>., 
in  the  cell.  If  it  is  not  to  be  content  with  extending  still  farther 
the  present  knowledge  of  the  gross  activities  of  the  human  body. 
but  would  really  explain  elementary  and  general  vital  phenomena, 

'it  must  assume  the  character  of  rtU-phyeiolo^. 

It  might  appear  panidoxical  that  thirty-five  years  after  Rudolf 

PVirehow    ('58)    expounded,    in    his    CtUularjiaUiologie .   the    cell 
principle  as  the  basis  of  all  organic  investigation — u  basis  upon 
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which  all  our  medical  ideas  now  rest — phj^siology  is  beginning  to 
develop  from  a  science  of  the  organ  into  that  of  the  cell.  But  we 
can  recognise  in  this  only  the  normal  course  of  development,  which 
first  takes  into  consideration  the  ffross  activities  of  the  organs  and 
then  pushes  gradually  deeper  and  deeper  until  it  arrives  at  the 
cell.  At  all  times  anatomy  has  been  the  forerunner  of  physiology ; 
and  it  must  be  so  in  order  to  smooth  >the  way.  Just  as  anatomy 
began  with  the  organs  of  the  body  and  only  in  the  present  century 
has  reached  the  smallest  elements  of  the  organs,  the  cells,  with 
the  delicate  morphological  investigation  of  which  the  brilliant 
advance  of  modern  anatomy  is  consummated,  so  physiology  neces- 
sarily began  with  the  study  of  the  functions  of  the  large  and 
obvious  organs,  and  not  till  the  present  time  has  it  been  able  to 
attack  the  vital  phenomena  of  the  cell.  We  would  be  guilty  of 
gross  ingratitude  if  we  were  to  underestimate  the  eminent  im- 
portance of  past  physiological  research,  upon  the  results  of  which 
we  more  or  less  constantly  build.  Its  aims  and  ideas  are  destined 
to  lead  us  still  farther,  and  its  methods  are  indispensable.  Yet,  in 
judging  the  course  of  physiological  research,  we  cannot  forget  one 
factor  which  controls  the  development  of  every  science,  the  psycho- 
logical factor  of  fashion.  The  course  of  every  science  depends 
upon  the  powerful  influence  of  great  discoveries.  Wherever  we 
look  at  the  history  of  investigation,  we  find  that  imposing 
discoveries,  such  as  are  represented  in  physiology  by  the  work 
of  Ludwig,  Claude  Bernard,  du  Bois-Reymond,  Liebig,  Pasteur, 
Koch,  and  others,  divert  interest  from  other  fields  and  cause  many 
investigators  to  labour  on  in  the  same  direction  with  the  same 
methods,  especially  when  the  methods  prove  so  unusually  fruitful 
as  in  the  cases  mentioned.  Thus,  definite  fields  of  work  in 
connection  with  epoch-making  achievements  immediately  become 
the  fashion,  while  interest  flags  in  other  fields.  In  the  course  of 
time  equalisation  takes  place,  for  every  field  is  limited  and  in  time 
becomes  exhausted.  We  have  evidently  arrived  at  such  a  period 
in  physiology;  the  science  of  the  physiology  of  the  organ  has 
passed  the  culminating-point  of  its  development.  In  the  course  of 
time  cell-physiology  also  will  become  exhausted,  and  other  aims 
and  methods,  such  as  the  state  of  the  problem  at  the  time 
demands,  will  succeed  it  in  the  incessant  evolution. 

For  the  present,  cell-physiology  has  before  it  an  unbounded 
field  of  labour.  There  are,  of  course,  investigators  who,  although 
convinced  of  the  pressing  necessity  of  a  cell-physiology,  and  realis- 
ing that  the  cell  as  the  seat  of  the  vital  processes  must  constitute 
the  object  of  research,  nevertheless  doubt  whether  we  are  at  all 
able  to  get  at  the  vital  mysteries  in  the  cell.  It  can,  therefore, 
reasonably  be  asked  that  a  way  and  methods  be  shown  by  which  a 
cell-physiology  may  be  founded.  Doubt  of  the  practicability  of  this 
undertaking  springs  chiefly  from  a  fact  which  unfortunately  has 
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unbounded  field  for  cell-phj-siological  investigation  is  revealed.  The 
comparative  method  tlenionstrates  one  fact  of  fundamental  impor- 
tance, namely,  that  the  elementary  vital  phenomena  belong  to 
every  cell,  whether  it  be  from  a  tissue  of  the  higher  animals,  the 
lower  animals,  the  plants,  or  free-living,  an  independent 
unicellular  organism.  Every  one  of  these  cells  exhibits  in  its 
individual  form  general  vital  phenomena.  Realising  this,  it  ia 
only  necessary  for  the  investigator  to  select  from  the  variety  of 
species  the  objects  best  fitted  for  each  special  research,  and  these 
obtrude  themselves  uiion  him  in  due  form,  if  he  possesses  some 
knowledge  of  the  animal  aud  plant  world.  It  is  no  longer  neces- 
sary for  him  to  cling  to  the  tissue-cells  of  the  higher  vertebrates 
alone,  which  can  be  employed  for  microscopic  experiments  alive 
and  under  normal  vital  conditions  only  iji  rare  and  exceptional 
cases,  and  which,  as  soon  as  they  are  separated  from  the  tissue,  are 
under  abnormal  conditions  and  rapidly  die  or  give  reactions  that 
may  lead  to  false  conclusions.  Much  more  favourable  in  this  respect 
are  the  tissue-cells  of  many  invertebrates,  cold-blooded  animals,  or 
plants,  which  can  be  investigated  more  readily  under  approxi- 
mately normal  conditions,  although  frequently  they  also  do  not 
endure  long- continued  study.  But  the  free-living  unicellular 
organisms,  the  Protista,  appear  to  be  the  most  favourable  objects 
for  celt -physiological  purposes.  They  seem  to  have  been  created 
by  nature  for  the  physiologists,  for,  besides  their  great  capacity  of 
resistance,  of  all  living  thmgs  they  have  the  invaluable  advantage 
of  standing  nearest  to  the  first  and  simplest  forms  of  life ;  hence 
they  show  in  the  simplest  and  most  primitive  form  many  vital 
phenomena  that  by  special  adaptation  have  developed  to  great 
complexity  in  the  cells  of  the  cell -community. 

Naturally  it  has  been  maintained  that  exactly  the  reveiae  is 
irue,  that  those  forms  of  cells  that  are  adapted  to  very  special 
functions  in  the  cell-community  of  higher  animals  afford  far  more 
favourable  objects  for  the  investigation  of  the  phenomena  in 
question  than  unicellular  organisms.  Thus,  it  has  been  urged  that 
tne  cross-striated  muscle-cell  is  decidedly  more  fitted  for  the 
investigation  of  contraction  than  the  amceba-cell,  because  in  the 
latter  all  the  phenomena  of  life  are  not  separated,  but  are  united 
with  the  same  substratum.  However  logical  this  assertion  may 
appear  at  first  sight,  upon  careful  consideration  it  proves  to  be 
little  applicable.  In  the  first  place,  it  is  a  great  error  to 
assume  that  the  various  phenomena  of  life  are  inseparably  united 
in  one  cell  in  unicellular  organisms  alone.  This  is  eiiually  true 
of  every  tissue-cell,  whether  it  is  adapted  to  a  specific  purpose 
or  exhibits  prominently  to  external  observation  a  single  vital 
phenomenon.  Every  coll.  wherever  it  is,  performs  all  the  ele- 
mentary functions  of  life.  Without  being  nourished,  without 
respiring,  and  without  excreting,  the  muscle-cell  can  execute  its 
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such  as   the   cells   of  the   central   nervous   system,  glands,   and 
muscles. 

We  need  not  be  embarrassed  in  the  employment  of  experi- 
mental physiological  methods  upon  the  cell,  for,  with  the  over- 
whelming variety  of  forms  in  existence,  more  than  one  can  always 
be  found  that  are  equally  fitted  for  the  purpose,  and  upon  which 
widely  different,  special  methods  may  be  advantageously  used. 

To  begin  with  the  simplest  rnethody  simple  microscopic  observatimi 
may  be  employed  very  conveniently  with  the  free-living  cell,  and 
under  certam  circumstances  with  the  tissue-cell  also.  Observation 
alone  has  led  to  a  fair  knowledge  of  the  visible  vital  phenomena 
of  the  cell,  and  has  been  used  in  the  detailed  investigation  of 
some  of  them.  Among  the  most  prominent  acquisitions  by  this 
simple  method  may  be  mentioned  the  extremely  valuable  facts 
concerning  the  more  detailed  phenomena  of  fertilisation,  segmenta- 
tion, and  reproduction  which  Flemming,  Biitschli,  van  Beneden, 
the  brothers  Hertwig,  Strasburger,  Boveri,  Heidenhain,  and  many 
others  have  discovered  in  recent  years,  partly  on  living  cells,  and 
partly  on  cells  that  have  been  preserved  in  certain  stages. 

Vivisection-operations  upon  the  cell  may  also  be  performed  under 
the  microscope  to  the  same  extent  and  with  greater  systematic 
exactness  than  they  are  performed  macroscopically  upon  higher 
animals.  Several  investigators,  such  as  Gruber,  Balbiani,  Hofer, 
and  others  have  already  employed  this  operative  method  with 
great  success,  and  a  number  of  researches  have  shown  how  fruitful 
it  is  for  the  treatment  of  general  physiological  problems.  By  this 
method  also  Roux,  Chabry,  the  orothers  Hertwig,  Driesch,  and 
others  have  carried  out  their  striking  experimental  investigations 
upon  the  development  of  animals. 

Further,  a  great  variety  of  studies  can  be  made  upon  tJie  effects 
of  different  kinds  of  stimuli  upon  the  vital  phenomena  of  the  cell 
in  its  various  forms ;  in  this  field  a  comprehensive  mass  of  facts 
has  already  been  accumulated.  A  large  number  of  researches 
upon  unicellular  organisms  have  shown  that  the  reactions  that 
appear  in  the  cell  upon  the  employment  of  chemical,  mechanical, 
thermal,  photic,  and  galvanic  stimuli,  are  of  the  greatest  import- 
ance in  a  knowledge  of  vital  phenomena.  By  these  researches  it 
has  been  made  possible  in  recent  years  to  recognise  more  and  more 
clearly  the  general  laws  of  excitation  and  depression  of  vital  pro- 
cesses and  their  results,  and  also  to  approach  nearer  an  under- 
standing of  the  phenomena  of  inhibition,  which  hitherto  have 
been  so  obscure. 

Finally,  vital  phenomena  in  the  cell  can  be  approached  chemi- 
cally, by  both  macrochemical  and  microchemical  methods.  Large 
masses  of  unicellular  organisms,  such  as  yeast-cells,  leucocytes,  and 
spermatozoa,  and  no  less  combinations  of  cells,  such  as  the  tissues, 
form  excellent  objects  for  macrochemical  investigation.     We  are 
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indebted  to  researches  upon  such  objects  as  these  for  the  most 
important  portibn  of  our  knowledge  of  the  chemical  composition 
ana  metabolism  of  the  cell.  A  great  variety  of  favourable  research- 
objects  are  also  found  for  microchemical  investigation,  although 
thus  far,  since  the  methods  are  still  little  developed,  only  the  very 
first  beginning  in  this  direction  has  been  made.  The  labours  of 
Miescher,  Kossel,  Lilienfeld,  Loew  and  Bokomy,  Zacharias,  Schwarz, 
Lowitt,  and  others,  have  already  proved  that  the  microchemical 
investigation  of  the  cell  has  before  it  a  rich  future. 

It  is,  however,  superfluous  to  enumerate  single  methods  which 
can  be  employed  in  cell-physiology.  All  methods  that  the  special 
research  at  the  moment  demands  are  useful.  Phj^iology  must 
return  constantly  to  the  standpoint  that  made  so  fruitful  the 
labours  of  Johannes  Miiller.  Throughout  his  whole  life,  Miiller 
defended  practically  and  theoretically  the  view  that  there  is  not 
a  single  physiological  method,  but  that  every  method  is  right  that 
leads  to  the  goal.  He  always  selected  the  method  in  accordance 
with  the  problem  of  the  moment,  never,  as  often  happens  to-day, 
the  problem  in  accordance  with  the  method.  The  problem,  not 
the  method,  is  indivisible ;  for  the  solution  of  the  problem  the 
physiologist  must  employ,  as  the  special  purpose  demands,  alike 
chemical,  physical,  anatomical,  embryological,  zoological,  botanical, 
mathematical,  and  philosophical  methods ;  but  all  should  lead  to  one 
goal,  the  investigation  of  life. 


CHAPTER  II 

LIVING   SUBSTANCE 

Galen,  the  father  of  physiology,  recognised  clearly  that  an  exact 
knowledge  of  the  anatomical  relations  of  an  organ  is  a  pre-requisite 
to  an  explanation  of  its  vital  phenomena ;  and  modem  physiology 
down  to  the  present  day,  to  its  great  advantage,  has  maintained 
this  position.  In  every  physiological  investigation  a  knowledge  of 
the  material  substratum,  the  vital  phenomena  of  which  is  to  be 
examined,  must  be  considered  as  the  first  pre-requisite.  This  is 
true  no  less  for  general,  than  for  special,  physiology.  Therefore, 
a  consideration  of  living  substance,  i.e.y  its  composition  and  its 
differences,  in  comparison  with  lifeless  substance,  must  form  the 
starting-point  of  general  physiology. 

I.  The  Composition  of  Living  Substance 

The  attempt  to  explain  the  mystery  that  surrounds  living  sub- 
stance, the  substance  that  nourishes  itself,  breathes,  moves,  grows, 
reproduces,  and  develops,  has  exerted  from  the  earliest  times  a 
peculiar  stimulus  upon  the  minds  of  inquiring  thinkers.  The 
ancients  naively  believed  that  they  were  able  to  explain  the  sub- 
stance of  living  bodies  by  the  intermixture  of  certain  materials. 
Thus,  Hippocrates  believed  that  the  normal  human  body  consists 
of  blood,  phlegm,  and  bile,  which  are  mixed  together  in  certain 
proportions.  In  the  middle  ages,  when  people  endeavoured  to  solve 
the  riddle  of  nature  by  the  great  power  of  alchemy,  they  thought 
that  they  were  upon  the  track  of  the  secret  of  living  substance. 
How  strong  this  delusion  was  is  shown  by  the  many  attempts  of 
the  middle  ages  to  produce  living  substance  artificially.  The  ardent 
expectation  with  which  the  mediaeval  alchemist  in  the  sombre 
dusk  of  his  laboratory,  surrounded  by  skilled  workers  and  strange 
apparatus,  hoped  every  moment  to  see  the  homunculus  arise  com- 
plete from  the  retorts  or  crucibles  is  a  very  characteristic  feature 
of  the  developmental  stage  of  science  during  these  centuries.  But, 
however  proud  we  may  be  of  our  modem  science,  we  have  no  right 
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to  look  with  scorn  upon  those  attempts  of  the  middle  ages,  when  we 
realise  that  from  that  time  even  to  the  most  recent  period  the  at- 
tempts have  been  continued  to  produce  artificially  not  man  himself, 
but  the  simplest  forms  of  living  substance.  Yet  all  these  attempts 
resemble  the  endeavour  of  a  man  to  put  together  a  complicated 
clock-work  without  knowing  its  essential  parts.  However  simple 
the  problem  of  the  artificial  production  of  living  substance  appeared 
to  the  middle  ages,  the  progress  of  sober  thought  and  critical  in- 
vestigation has  shown  constantly  how  far  we  are  yet  removed 
from  a  knowledge  of  the  intimate  composition  of  such  substance. 
How  is  it  possible  to  produce  chemically  a  substance  the  chemical 
composition  of  which  is  not  at  all  known  ?  Modem  research  has 
been  directed,  therefore,  more  and  more  toward  an  examination  of 
the  composition  of  living  substance.  It  has  penetrated  deeply,  and 
continues  to  penetrate,  into  the  morphological,  physical  and  chemical 
relations,  and  the  intimate  structure  of  living  matter. 


A.      THE   INDIVIDUALISATION   OF   UVING  SUBSTANCE 

1.     TTie  Cell  as  an  Elementary  Organism 

When  the  organic  world  inhabiting  the  surface  of  the  earth  is 
examined,  it  is  found  that  living  substance  does  not  form  a  single 
coherent  mass,  but  that  it  is  divided  into  separate  organic  indivi- 
duals. It  is  not  wholly  easy  to  define  the  conception  of  the  organic 
individual ;  yet  many  investigators,  in  recent  times  particularly 
Haeckel  ('66),  have  endeavoured  to  give  it  a  generally  valid  form. 
It  arose  in  early  times  by  a  process  of  abstraction  from  ideas  of 
man  and  the  higher  animals,  which  appear  as  unitary  living  beings 
independent  of  one  another.  But,  as  with  all  such  early  concep- 
tions which  spring  from  a  limited  circle  of  experiences  and  later 
come  to  cover  a  larger  circle,  the  conception  of  the  individual  in 
its  original  form  has  oecome  too  narrow  and  requires  an  extension. 

The  original  idea  upon  which  the  conception  of  individuality 
was  based,  was  that  of  mdi visibility.  According  to  this  an  indi- 
vidual was  a  unitary  whole,  which  was  incapable  of  division  with- 
out losing  its  characteristic  properties.  So  long  as  none  but  men, 
vertebrates  and  perhaps  insects  were  in  mind  this  definition  held 
good,  for  a  man,  a  vertebrate  or  an  insect  cannot  be  divided  into 
several  independent  individuals.  But  difficulties  appear  when  we 
descend  lower  in  the  animal  series  or  attempt  to  apply  the  con- 
ception to  plants. 

in  fresh-water  ponds  and  lakes  there  exists  a  peculiar  repre- 
sentative of  the  great  group  of  Cnidaria,  the  fresh-water  ipolyp 
This  small  animal,  about  one  centimetre  long,  with  its 
tube-like  body  bearing  several  long  thread-like  tentacles 
rve  for  catching  prey  (Fig.  2,  A),  began  to  attract  the  at- 
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tention  of  observers  soon  after  the  discovery  of  the  microscope.  It 
was  found  that  this  remarkable  creature  could  be  divided  by  a 
cross-cut  into  two  halves,  each  one  of  which  could  transform  itself 
again  into  a  complete,  but  correspondingly  smaller  individual. 
The  anterior  half,  bearing  the  tentacles,  simply  closes  up  the  wound 
and  attaches  itself  again  at  its  posterior  end,  while  from  the 
posterior  half  new  tentacles  soon  sprout  out  from  the  edges  of  the 
wound,  and  in  a  short  time  both  pieces  have  become  complete 
Hydras.  The  halves  can  be  divided  still  further,  and  the  animal 
can  even  be  cut  into  a  large  number  of  small  pieces,  each  one  of 
which  can  transform  itself  into  a  complete  individual.  The 
unitary  individual  has  thus  been  divided  into  two  or  even  several 
individuals.     If,  therefore,  indivisibility  alone  be  the  standard  of 
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.  2. — Hydra  fusca,  a  frenh-water  pol^-p  ;  A,  cut  acroMat  *  ;  Band  C.  the  two  pieces, 

become  regenerated  into  two  complete  individuals. 


which  have 


individuality.  Hydra  is  not  an  individual,  for  it  can  be  divided 
without  the  loss,  by  the  pieces,  of  the  characteristics  of  the  original 
animal ;  and  the  same  is  true  of  every  tree  and  every  shrub. 

The  criterion  of  the  individual  is,  therefore,  not  to  be  found  in 
indivisibility,  but  rather  in  undividedness  or  unity.  So  long  as 
Hydra  was  undivided,  it  was  an  individual,  a  whole,  a  unit.  By 
the  division,  however,  the  original  individual  came  to  an  end  and 
from  it  two  new  units  arose  which,  so  long  as  they  are  not  further 
cut  into  pieces,  represent  complete  individuals.  Hence  the  fact  of 
unity  alone  is  decisive  in  defining  the  conception  of  individuality, 
if  the  latter  is  to  be  stated  in  such  general  terms  that  it  holds  good 
for  all  special  cases.  An  organic  individual  would  accordingly  be 
merely  a  unitary  mass  of  living  substance. 

But  in  this  very  general  form  the  definition  is  too  broad.  Ac- 
cording to  it  a  small  particle  of  living  substance,  cut  off  from  the 


living  cell  under  the  mici-oscope,  would  be  an  individual.  Such 
a  particle,  however,  cannot  be  so  considered  when  it  is  seen  how 
every  minute  mass  of  living  substance,  which  has  not  the  value  of 
the  cell,  sooner  or  later  invariably  perishes.  The  capability  of  self- 
preservation  may,  therefore,  be  added  to  the  conception  of  the  in- 
dividual and  the  latter  may  be  dofined  as  follows:  An  organic  in- 
dwulual  is  a  unitary  mass  of  living  substajiee  lokieh  under  definite 
e;clemal  vital  C0Jiditi<ms  is  aipable  of  sc/f-pi-esei-vaiion. 

This  definition  applies  to  all  single,  free-living  organisms  which 
are  spatially  separated  from  one  another  ana  are  not  artificially 
divided,  in  other  words  to  all  organiams  in  the  form  in  which  they 
iKxrur  in  nature.  But  it  includes  more  than  single  organisms;  it 
includes  groups  of  organisms,  each  one  of  which  is  separated  from 
the  others  by  space,  but  which  together  form  a  unit.     An  exampli- 
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of  this  is  a  community  of  anta.  The  community  represents  a 
single  individual  in  so  Cir  as  it  is  a  unitaiy  whole  in  which  the  single 
parts  work  together  like  the  part;s  of  an  organism.  But  it  consists 
of  many  single  individuals,  males,  females,  workers,  and  soldiers. 
It  is  thus  seen  that  individuality  may  be  of  verj-  different  grades. 
It  seems  advantageous  to  distinguish  the  grades  of  individuality 
by  terming  the  more  comprehensive  form  an  individual  of  a  higher 
order,  and  the  fonna  cimjMJsing  it  individuals  of  a  lower  order. 
The  condition  in  the  coral-stem  i.s  like  the  relation  between  the 
■"Unity  and  the  individual  ants.  The  coral-stem  (Fig.  3.  ii) 
unl  of  a  higher  order,  the  single  coral-poh-p  (Fig.  3,  J) 
I  iif  a  lower  miit^r.     The  sole  difference  between  this 
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case  and  that  of  the  coniraunity  of  ants  is  that  here  the  individuals 
of  the  lower  order  are  in  physical  connection  with  one  another. 

It  will  be  advantageous  to  look  about  the  organic  world  and  see 
what  different  grades  of  individuality  are  to  be  found.  The 
•Mtamunity,  the  colony,  is  evidently  the  highest  grade,  for  a  sum  of 
conimunitjes  is  not  a  new  and  higher  unit.  The  next  lower  stas;e 
in  the  community  is  the  person.  The  coral-colony  can  be  regarded  m 
a  certain  sense  as  a  person  which  consists  of  single  organs ;  this 
relation,  however,  is  clearer  in  another  group  of  Codenterata,  the 
Siphonyihora.     The  Siphonophora  represent  persons  which  consist 


—SUjAaliti  eaiVHa,  h  SfphDauphuTO.     A, 

-jMtr-.  tg,  ^w^lnming-^■ " ' 

tmitiiclsi.    AU  tlia  nrgxui 


of  a  number  of  variously  developed  orga/is.  Sonie  of  these  organs 
are  for  purposes  of  movement,  others  for  nutrition,  others  for  re- 
production, others  for  protection  of  the  whole  hotly,  and  all  are 
grouped  in  regular  onler  about  a  longitudinal  axis  (Fig.  4),  But 
all  the  organs  are  single  individuals,  for  the  embryology  of  the 
Siphonoph.ora  shown  that  they  all  arise  from  morphologically 
homologous  parts  by  budding ;  and  that  in  certain  cases  single  in- 
dividual, as,  e.g.,  the  swimming-bulls,  can  separate  them  selves  from 
the  stem  and  lead  an  independent  existence  as  medusro.  It  is 
seen,  therefore,  that  the  person  of  the  Siphonoplwra  can  be  con- 
sidered as  a  colony  of  single  organs,  and  that  the  stage  of  indi- 
viduality of  the  person  includes  the  lower  stages  of  individuality 
E  the  organs.     Careful  ditisectiou  of  an  organ,  e.ij..  a  human  arm. 
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»howH  that  it  if)  c^mpotted  of  variouH  conatitueats,  which  are  termed 
littius.  The  arm  contains  muscle-tissue,  nerve-tissue,  bone-tissue, 
etc. ;  the  characteristic  of  the  organ  is  its  composition  out  of 
one  or  more  tissues.  The  next  lower  stage  of  indi- 
viduatitT,  therefore,  in  the  tu»ue.  Certain  organisms  consist  of 
but  a  single  tissue,  in  which  all  the  constituents  are  alike.  Such 
Iree- living  tissues  are  widely  represented  among  the  Algm. 
SudoriTui  flegans,  e.g.,  is  a  small  tranqiarent  ball  of  jelly,  in  which 
many  spherical  particles  lie  embedded,  which  upon  close  examina- 
tion prove  to  be  bits  of  living  substance  separated  from  one 
another.  These  single  minute  particles  of  living  substance  are 
termed  celU.  In  this  particular  case  each  celt  has  two  delicate 
flagella,  by  the  movement  of  which  the  whole  mulbcrr^'-mass  of 
jelly  is  driven  about  in 
thewater(Fig.5).  Ever)- 
such  flagellate  cell  is  an 
independent  individual, 
and  continues  to  live 
when  separated  from  the 
ball  of  jelly,  which  hap- 
pens, e.g.,  spontaneously 
m  reproduction.  It  is 
seen,  therefore,  that  the 
tissue  contains  within  it- 
self the  single  cell.  The 
tissue  is  a  colony  of  cells. 
In  the  cell  the  lowest 
stage  of  individuality  has 
been  reached.  The  cell 
is,  indeed,  composed  of 
various  constituents,  of  a 
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'»"°'»^'-  the    protoplasm,   and    a 

more  solid  cell-nucleus 
embedded  in  it;  but  in  no  case  can  these  two  constituents  be 
separated  without  the  death  of  both.  Many  experiments  have 
shown  that  protoplasm  is  incapable  of  self- preservation  without  the 
cell-nucleus,  and  the  nucleus  similarly  incapable  without  the  proto- 
plasm. Hence,  according  to  the  above  definition  of  individuality, 
neither  of  the  two  represents  an  individual.  In  all  nature  no 
organism  is  known  which  represents  a  lower  stage  of  individuality 
than  the  cell.  As  Britcke  (61)  says,  the  cell  \s  the  "elementarj' 
organism." 

Apparently  in  contradiction  with  this  idea  is  the  fact,  recently 

*8hed  by  many  experiments,  that  under  certain  conditions 

I  can  be  artificially  divided  into  pieces  which  continue  to 

1  even  reproduce.     If,  e.g.,  a  free-living  infusorian  cell,  such 
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as  the  delicate  Stentor  Roeselii  (Fig.  6,  A),  which  lives  in  fresh 
water  and  is  especially  adapted  for  this  experiment,  be  divided  into 
two  parts  in  such  a  manner  that  each  possesses  a  piece  of  the  long 
rod-like  nucleus,  the  same  phenomenon  appears  as  in  Hydra :  the 
two  pieces  regrow  into  small  complete  Stentors  (Fig.  6,  B  and  C) 
and  continue  to  live  in  all  respects  normally.  In  such  an  experiment 
the  cell,  an  individual  of  the  lowest  order,  has  become  divided  into 
two  individuals,  and  can  even  be  divided  into  more,  if  the  opera- 
tion be  performed  so  that  each  piece  possesses  some  protoplasm  as 


I'' .'.  •  i/^y.'. 


Fio.  6. — 8teni<yr  Roesdii,  a  trumpet-shaped  infuaorian  ;  A^  cut  across  at  *  ;  B  and  C,  the  two  pieces, 
which  have  become  regenerated  into  complete  Stentors.  The  clear  extended  mass  in  the 
interior  is  the  nucleus. 


well  as  a  piece  of  the  nucleus.  This  fact  is  of  fundamental  im- 
portance, and  we  shall  have  occasion  to  recall  it  frequently.  In  the 
present  case  it  stands  only  apparently  in  contradiction  with  the 
idea  of  the  cell  as  the  elementary  individual ;  for  by  the  cutting 
operation  there  are  obtained,  not  new  stages  of  individualitv,  but 
complete  Stentors,  i.r.,  individuals  of  the  value  of  a  cell.  In  all 
such  divisions  of  cells,  wherever  protoplasm  and  nucleus  are  present 
in  the  pieces,  the  latter  have  the  value  of  cells ;  in  the  process  we 
do  not  go  below  the  cell.  If,  however,  the  cut  be  made  so  that 
one  piece  contains  protoplasm  and  nucleus,  and  the  other  only 
protoplasm,  the  former  continues  to  live  and  represents  a  complete 
cell,  while  the  latter,  possessing  no  longer  the  individuality  of  a 
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cell,  invariably  perishes.     In  every  case,  therefore,  the  cell  remains 
the  elementary  organism. 

If  the  above  considerations  be  summarised,  it  is  found  that  five 
stages  of  individuality  can  be  distinguished  in  the  organic  world, 
and  can  be  characterised  as  follows : 

1.  Individuals  of  the  first  order  are  cells.     They  represent 

elementar}'  organisms  that  are  not  composed  of  lower 
units  capable  of  life.  An  example  is  the  unicellular, 
ciliate  infusorian  Stentor  (Fig.  6). 

2.  Individuals  of  the  second  order  are  tissues.     The  tissues 

are  associations  of  individuals  of  the  first  order,  each 
one  of  which  is  like  the  others.  An  example  is  the 
flagellated  spherical  alga,  Evdorina  (Fig.  5). 

3.  Individuals  of  the  third  order  are  organs.     The  organs 

are  associations  of  various  kinds  of  individuals  of 
the  second  order.  An  example  is  Hydra  (Fig.  2), 
the  body  of  which  consists  of  only  two  layers  of 
tissues. 

4.  Individuals  of  the  fourth  order  are  persons.    The  persons 

are  associations  of  various  individuals  of  the  third 
order.  An  example  is  man,  whose  body  consists  of 
various  organs  united. 

5.  Individuals   of  the   fifth   order  are  communities.     The 

communities  are  associations  of  individuals  of  the 
fourth  order.  Examples  are  communities  of  ants  and 
bees. 
This  scheme  requires  one  more  remark.  It  shows  that  every 
individual  of  a  higher  order  consists  of  an  assemblage  of  individuals 
of  the  next  lower  order,  but  the  constituents  of  an  individual  of 
the  higher  order  are  not  always  real  individuals,  i.e.,  they  are 
capable  of  self-preservation  when  living  in  union  with,  but  not 
when  separated  from,  their  fellows  ;  in  other  words,  they  are  only 
virtual  individuals.  A  person  or  individual  of  the  fourth  order, 
for  example  a  man,  consists  of  single  organs,  which  are  equal  to 
individuals  of  the  third  order.  TheSe  organs,  however,  are  virtual, 
not  real,  individuals,  for  they  perish  when  separated  from  their 
fellows.  It  is  the  same  with  individuals  of  all  orders.  E.g.,  the 
cell  of  an  animal  tissue,  if  separated  from  its  fellows,  is  in  itself 
incapable  of  life;  in  the  tissue,  therefore,  it  is  only  a  virtual 
individual.  In  other  cases,  however,  the  constituents  of  an  in- 
<Hvidual  of  a  higher  order,  when  separated  from  their  fellows,  can 
become  real  individuals  of  the  next  lower  order,  as  is  shown,  e.g., 
by  JSttdorina,m  which  the  single  cells  when  separated  are  in  them- 
selves capable  of  life. 

From  these  considerations  the  important  facts  follow  that  in  the 

end  all  living  individuals  of  whatever  order  either  are  composed  of 

^lls  as  the  elementary  structural  components  or  are  themselves 


individual  of  a  higher 


fre«-liviag  cells.  The  cell  must,  therefore,  be  iIil-  seat  of  those 
events  the  expression  of  which  is  life. 

In  opposition  to  this  conclusion,  the  attempt  has  lately  been 
made  by  Altniann  ('90)  to  demonstrate  a  stili  lower  stage  of 
individuality  than  the  cell,  an<l  thus  to  contradict  the  view  that 
cells  are  the  elementary  organisms.  It  has  long  been  known  that 
roundish  granules  of  different  sizes  are  of  wide  occiirrence  within 
cells,  lying  in  an  apparently  homogeneous  ground -substance ;  they 
have  been  termed  elementary  granules,  granula,  or  microsomes 
(Fig.  7).  In  many  cases  only  a  few  such  granules  are  present  in 
the  cell,  in  other  eases  the  whole  cell  is 
thickly  filled  with  them,  so  that  the  ground- 
substance  between  them  almost  disappeai^ 
Altmann  considers  these  granules  to  be  tin 
true  elementary  organisms,  and  terms  thciu 
"  bioblasts."  He  believes  that  they  repre- 
sent in  the  cell  the  true  living  elements 
which  are  the  seat  of  the  vital  plienomena. 
The  cell  itself,  according  to  Altmann,  is  to 
be  considered  as  a  colony  of  bioblasts.  hence 
not  as  an  elementary  organism  but  as  > 

order,  Of  course  single  bioblasts  cannot  be  kept  alive  when 
separated  from  the  other  bioblasts  of  the  cell.  Nevertheless, 
iiccording  to  Altmann,  there  are  in  nature  free-living  bioblasts, 
namely,  the  Bacteria.  The  great  horde  of  IHingi  or  Sacleria,  as 
Altmann  says,  represent  nothing  but  free-living  elementar}' 
organisms,  which  as  regards  individuality  are  equal  to  the  granules 
i>r  bioblasts  that  in  part  constitute  the  eel  I -con  tents. 

But  one  searches  in  vain  in  Altmann's  works  for  an  adequate 
confirmation  of  the  h)'pothesi8  that  the  bioblasts  are  the  elementary 
uiganisms.  On  the  contrary,  it  is  not  difficult  to  perceive  the  un- 
tenableness  of  such  a  view.  The  majority  of  investigators  have 
not  accepted  it,  and  Altmann's  attempt  must  be  regarded  as  wholly 
unsuccessful. 

The  following  seem  to  be  the  two  most  imiwrtant  considerations 
which  render  the  hypothesis  of  granules  untenable.  In  the  iirst 
place,  Altmann  brings  together  under  the  conception  of  the 
granule  all  sorts  of  different  elements,  which  can  by  no  means  be 
Romologised  with  each  other.  Lately,  indeed,  he  has  given  up 
the  idea  that  the  chlorophyll  bodies,  which  give  the  green  colour  to 
plant-cells,  are  granules,  but  the  conception  still  contains  the 
most  heterogeneous  elements.  Thus,  he  considers  as  granules  nut 
only  the  minute  grey  particles  that  occur  wide-spread  in  the  most 
various  free-living  and  tiBsiie-cells,  and  differ  greatly  in  chemical 
composition  and  significance  for  the  cell-life,  but  he  includes  the 
fine  granules  of  colouring  matter  in  pigment-cells,  which  give  to 
the  tissues  in  which  they  lie  their  characteristic  colour;  the  fine 
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lamellar  particles  in  the  yolk  of  eggs;  and  even  the  small  oil- 
droplets  and  fat-globules  that  occur  in  various  tissue-cells, 
especially  in  the  liver  and  the  cells  of  subcutaneous  connective 
tissue.  Moreover,  particles  of  ingested  food,  transformed  food- 
constituents,  undigested  food-stuflfs,  and  products  of  cellular 
metabolism,  i.e.,  substances  that  are  plajdng  or  have  played  the 
most  various  rdles  in  cell  life,  are  put  mto  the  same  category,  and 
are  considered  as  elementary  organisms.  In  the  second  place, 
Altmann  does  not  prove  for  one  of  all  these  forms  that  they  show- 
general  vital  phenomena,  nor  would  success  in  such  an  attempt  be 
expected,  especially  in  the  case  of  an  oil-droplet  or  a  pigment- 
grain  lying  within  the  cell.  Nevertheless,  such  proof  must  be 
furnished  if  the  term  "elementary  organism"  is  to  be  allowed. 
Regarding  Altmann  s  belief  that  bacteria  must  be  considered 
as  free-living  granules,  not  only  is  there  no  evidence  for  this 
view,  but  lately  the  striking  investigations  of  Btttschli  ('90) 
have  afforded  proof  that  bacteria  are  complete  cells,  and  hence 
organisms  that  Altmann  considers  colonies  of  bioblasts. 

These  considerations  suffice  to  overthrow  Altmann's  idea.  And, 
in  general,  it  seems  entirely  inadmissible  to  regard  as  elementary 
organisms  structures  that  have  no  analogies  with  free-living 
organisms.  If  this  be  allowed,  the  conception  of  the  organic 
individual  collapses,  for  it  is  then  not  justifiable  to  consider  any 
one  portion  of  the  living  substance  more  than  another  as  consti- 
tuting the  elementary  organism.  The  term  can  be  applied  with 
equal  justice  to  an  atom  of  oxygen  or  carbon,  or  any  other  atom 
that  takes  a  direct  part  in  the  life-process.  There  would  be  as. 
many  elementary  organisms  as  organic  elements.  How  to  define 
an  organism  or  an  organic  individual  is  one  question,  what  in 
general  to  call  living  is  another.  The  latter  will  be  discussed  later.. 
As  to  the  former,  if  the  conception  of  the  organic  individual  is  not 
to  be  given  up,  it  must  be  regarded  as  an  unconditional  requirement 
that  the  organism  be  characterised  by  the  presence  of  all  those  vital 
phenomena  that  have  to  do  with  self-preservation.  Only  the  cell 
fulfils  this  condition ;  it  is,  therefore,  the  individual  of  the  lowest, 
order  and  the  elementar}'  organism. 

2.  GcTieral  and  Special  Cell-constituents 

The  thought  that  the  enormous  number  of  phenomena 
constituting  life  are  associated  in  all  their  essentials  with  the 
microscopic  bit  of  living  substance  that  constitutes  the  living  cell 
is  an  irresistible  stimulus  to  research.  Hence,  from  the  time 
when  the  significance  of  cells  as  elementary  organisms  became 
first  recognised  until  now,  a  host  of  investigators  have  busied 
themselves  with  the  detailed  study  of  the  cell  and  its  con- 
stituents.    Thanks  to  this,  our  knowledge  of  cell-morphology  has. 
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been  extended  from  year  to  year,  and  the  conception  of  the  cell 
has  been  made  constantly  more  precise. 

The  conception  of  the  nature  of  the  cell  has  not  been  always  the 
same.  As  we  have  seen,^  the  cell  idea  originated  as  a  result  of 
the  microscopic  observation  of  plants.  The  microscopists  of  the 
seventeenth  and  eighteenth  centuries  found  that  plant-tissue 
contained,  besides  long  tube-like  structures,  small  chamber-like 
elements  set  off  from  one  another  by  walls,  and  containing  liquid. 
Because  of  their  similarity  to  the  large  cells  of  honeycomb  these 
small  structures  received  the  name  of  "  cells."  Thus,  at  that  time 
the  cell  was  regarded  as  a  simple  droplet  of  liquid  enclosed  by  a 
wall  or  membrane.  The  characteristic  thing  which  led  to  the 
giving  of  the  name  "  cell,"  a  term  very  fitting  for  plant-cells,  was 
the  "  cell-membrane,"  without  which  a  chamber,  vesicle,  or  cell  was 
not  possible.  This  idea  continued  to  prevail  even  when  Schleiden 
discovered,  in  addition  to  the  cell-liquid  or  cell-sac,  a  slimy  semi- 
liquid  mass,  the  "  plant-slime,"  or,  as  Mohl  called  it,  the  "  proto- 
plasm," and  when  by  Schwann  the  cell  idea  was  extended  to  the 
elementary  parts  of  animal  tissues. 

The  fundamental  work  of  Max  Schultze  ('61,  '63)  gave  to 
the  cell  idea  an  entirely  different  meaning.  The  study  of  the 
Rhizopoda,  those  one-celled  organisms  whose  naked  protoplasmic 
bodies  are  capable  of  extending  their  viscous  body-substance  at  any 
desired  spot  into  fine  threads  and  networks,  led  Schultze  to  the 
view  that  the  essential  part  of  the  cell  cannot  be  the  cell- 
membrane,  for  the  very  numerous  species  of  JRhizopoda  have 
throughout  life  no  cell-membrane;  but  that  it  is  the  substance 
which  earlier  had  been  termed  "sarcode"  by  Dujardin  ('41)  in 
naked  fresh-water  Rhizopcda  and  InfitsoHa.  A  comparison  of 
Rhizopoda  and  plant-cells  afforded  Schultze  the  proof  that  sarcode, 
the  substance  of  the  Rhizojyoda,  is  completely  identical  with  proto- 
plasm, the  viscous  contents  of  plant-cells;  and  thus  he  founded 
the  theory  of  protoplasm,  according  to  which  the  essential 
constituent  of  the  cell  is  the  protoplasm.  The  idea  that  the  cell 
is  a  simple  bit  of  protoplasm  has  proved  brilliant  in  results,  in 
opposition  to  the  old  view  of  the  necessity  of  the  cell-membrane. 
Not  only  have  an  enormous  number  of  cells  that  lack  a  membrane 
become  known  among  the  numerous  unicellular  Rhizopoda  (to  which 
belong  the  Polythalamia  or  Foraminifera  having  calcareous  shells, 
the  Radiolaria  having  silicious  shells,  and  the  Amaibm  in  which  a 
shell  is  wholly  wanting),  but  it  has  also  been  observed  that  in  the 
development  of  many  plants  and  animals  one-celled  stages  occur 
as  eggs,  which  are  entirely  devoid  of  a  membrane.  Hence,  since 
Max  Schultze 's  establishment  of  the  protoplasm  theorj',  the  idea 
that  the  cell-membrane  is  a  general  cell-constituent  has  completely 
disappeared. 

^ >/.  p.  27. 


S^^ljLuiij&t  fci  deiBiuiiioD.  however,  does  not  iiidude  all  the  essentaal 
'jr  geueral  cel]-c<>iibtitueiJt+?.     Iij  1833  BroiMa  had  disoovered  in 
f^n^V^plaHUj  a  further  speciiic  structure,  the  ocIJ-nudeus^  which,  by 
it*  refractive  power,  could  be  distinguished  clearlr  as  a  spherical 
jfrauule  from  the  protxjplasiii  enclosing  it.     Schleiden  038)  UxJk 
up  this  dis^^jverv  of  Brown  and  demonstrat-ed  the  oeU-nucleus  to 
i>e  a  wide-spread  c^^nstituent  of  the  cell  in  manr  plants :  but  he 
was  uiiaUiti    in   his  theorj*  of  phvtogenesis  into  considering  the 
nucleus  as  the  element  from  which  the   cell  first  arises  in  the 
<5ours<^  of  the  individual  development  of  the  plant.     Since  that 
time  <>>nstantly  more  attention  has  been  given  to  the  nndeos. 
It  was  found  not  only  in  plant-cells,  but  aft^r  Schwann  s  labours 
^'39;   alMi   in    the    most  diverse   animal    cells.      But,  espedallj 
whan   by  means  of  certain  colouring-matters,  such  as   carmine, 
lisi'matoxylin,  etc.,  it  was   stained,  and   thus   was   made   clearly 
visible  in  the  protoplasm  in  which  it  was  embedded,  the  view  was 
grarjually  a/iojite<l  that   it  represents  a  ver\'  characteristic  con- 
stituent of  the  cell :  and  tixxm  the  ouestion  arose  whether  cells  ever 
exist  without  nuclei,  or  whether  the  nucleus  is  a  general  and,  like 
the  prot'^plasm,  essential  c^>n.stituent  of  the  cell 

Among  th<i  unicellular  free-living  B}iizop<ida,  to  which  Max 
Schult»-  liad  calle>'l  attention,  Haeckel  (70)  found  a  considerable 
numlx^r  in  which  no  trace  of  a  nucleus  was  to  be  demonstrated, 
awJ  which,  since  the}'  ap[>eare<l  to  consist  of  a  simple  bit  of  f»t>ta- 

1^1;ism  and  thus  were  the  lowest  and  simplest  conceivable  organisms, 
le  Utnm^l  Jfo/ura,  Another  gn>up  in  which  no  nucleus  could  be 
demonstrat^frl  was  that  of  the  micro-organisms,  the  Bacteria,  which 
likewise;  liave  excit<id  the  greatest  interest  in  recent  times.  They 
are  the  smallest  of  all  existing  living  beings,  and,  although  they 
IHmtnitiH  a  fix<iil  unchangeable  form,  they  reveal  no  trace  of  dif- 
ferentiation in  their  ai)[iarently  wholly  uniform  protoplasmic 
ixMiiitH,  If  we  except  the  red  bloorl-corpuscles  of  warm-blooded 
animals,  which  likewise  show  no  differentiation  of  their  body- 
Hulistance  into  two  separate  parts,  protoplasm  and  nucleus,  but 
which,  as  has  been  demonstrated,  develop  from  actual  nucleated 
cells,  the  two  groups  of  the  Monera  and  the  Bacteria  remain  as  the 
Aole  apparently  non-nucleated  cells. 

But  with  the  recent  wonderful  development  of  the  technique 

microscopic  staining  the  conception   of  the   Monera  as   non- 

leated  cells  has  ^udually  changed.      By  the  employment  of 

newer,  complicated    staining-methods    constantly    more    of 

oraanisms  which    Haeckel   described   as   Monera  are   being 

jgnifled  as  nucleated  cells:   in  many  of  them   even   a   large 

nber  of  small  nuclei  have  been  demonstrated ;   and   Gruber 

i)    has    found    forms    in    which    the    nuclear   substance    is 

^tributed    through    the    whole    protoplasm     in     innumerable, 

minute  granules  (Fig.  8).     Thus  the  number  of  the 
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original  Mmera  is  constantly  diminishing,  and  the  fcw  that 
cannot  yet  be  obtained  for  fresh  investigation  are  now  also 
regarded  by  most  investigators  as  niicleat^  cells  in  which  the 
earlier  incomplete  technique  was  not  able  to  demonstrate  nuclei, 
just  as  was  tne  case  with  the  others  that  are  now  recognised  as 
nucleated, 

4jjj    The  Bacteria  have  defied  much  longer  than  the  Munera  attempts 
to  find  in  them  a  differentiation  corresponding  to  the  nucleus  and 

I  protoplasm  of  other  cells.  All  imaginable  methods  of  staining 
and  the  strongest  microscopic 


powers  were  not  able  to  demon- 
strate the  two  different  kinds 
of  living  substance  within  their 
minute  and  apparently  com- 
pletely homogeneous  bodies. 
This  state  of  our  knowledge 
continued  until  a  very  few 
years  ago,  in  spite  of  the  great 
advance  that  bacterioloCT  made. 
Recently,  however,  Btitachli 
{'90)  succeeded  in  discovering 
a  fine  structure  in  the  bodies 
of  Bacteria .  He  found  that  by 
the  use  of  very  strong  magni- 
fying powers  and  not  too  strong 
illumination  certain  specific 
staining-reagents,  which,  as, 
e.g.,  haematoxylin,  colour  only 
the  nuclear  substance  and  not  ^ ,_  ^  _p, 
the  protoplasm,  make    visible  inj  •* 

two  different  substances  in  the         *   '*" 
bodies    of    Badiria ;     one    of 

these  is  stained  intensely,  the  other  not  at  alL  The  quantitative 
relations  of  the  two  substances  are  characteristic :  the  volume 
of  the  stained  substance  is  usually  greater  than  that  of  the  un- 
stained, but  the  relative  arrangement  of  the  two  is  different  in 
different  species.  In  one  species,  as,  t.g.,  Bacteriuvt  lineola  (Fig. 
9,  n),  the  stained  substance  lies  in  the  middle,  and  the  unstained 
substance  forms  a  delicate  peripheral  layer  about  it:  in  others, 
especially  the  corkscrew-like  forms  of  Spirillum,  such  as  SpiriUuw 
undula  (Fig.  9,  ii).  which  is  common  in  stagnant  water,  the  un- 
stained substance  is  accumulated  at  one  end  or  both  ends  of 
the  elongated  body,  and  the  latter  consists  otherwise  wholly  of 
stained  substance.  This  differentiation  of  the  body-substance  mto 
two  portions,  one  of  which  is  stained  and  the  other  unstained  by 
specific  staining-reagents,  appears  to  correspond  entirely  to  the 
<livi8ion  of  the  living  substance  into  nucleus  and  protoplasm  thai 
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characterises  all  other  cells.  There  are  also  among  animab  varieties 
of  cells  that  show  quite  the  same  qnaotitative  relation  of  the  two 
mibstances  to  each  other ;  an  esaniple  of  each  is  aSbrded  h^  the 
hperrn-celb,  or  spermatozoa,  which  consist  of  a  large  quantity  of 
nnclear  sabstaiKe  and  a  very  small  quantity  of  protoplasm. 

Thns,  from  the  present  state  of  our  knowledge,  it  appears  that 
am^ig  the  organirans  now  livioc;  upon  the  earth  there  are  no  cells  , 
in  which  a  sepoiatiMi  of  two  different  suhstances  is  not  present, 
bat  that  every  cell  possesses  a  nucleus  in  addition  to  the  proto- 
plssm.  It  is,  of  coarse,  another  qaestioD  whether  during  the 
evolotion  of  living  substance  upon  the  earth  organisms  nuiy  not 
have  existed  at  some  earlier  time,  in  which  the  whole  body 
consisted  of  a  single  homogeneous  substance,  and  no  separation  into 
different  substances  had  yet  taken  place.     If  such  organisms  ever 


[existed,  they  could  be  ranked  in  comparison  with  real  cells  as  cytodes, 
■us  Haeckel  terms  non-nucleated  elementary  organisms.  Notwith- 
standing them,  it  must  be  granted  that  there  belongs  to  the 
xtnception  of  the  cell  at  present,  not  only  a  single  homogeneous 
naaa,  the  protoplasm,  but  also  a  substance  differing  from  it,  the 
nuclear  substance.  Accordingly,  Max  Schultze'a  morphological 
definition  would  be  widened  as  follows :  I'ke  cell  is  a  bU  of 
arotopUmn  eontamiTig  a  distiii<i  nucleus. 

If  the  protoplasm  be  examined  with  strong  magnifying  powers, 

Ji  many  cells  other  distinct  constituents  besides  the  nucleus  are 

'ound  embedded  in  the  protoplasmic  ground-substance.     In  many 

ills  oil-droplets  occur,  in  others  pigment-gmnules,  in  plant-cells 

■ch-grains,  etc. ;  but  all  these  bodies  do  not  occur  in  every  kind 

ell:  theyare  special,  not  general,  cell-constituents.   Itappeared 
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recently,  however,  as  if,  in  addition  to  tbe  two  previously  known 
general  constituents,  the  protoplasm  and  the  nucleus,  a  third 
exists,  the  polar  coTpuscle,  central  corpxiscle,  or  centrosome. 

The  centrosome  (Fie.  10)  has  become  known  in  detail  only  very 
recently.  It  had,  indeed,  been  noticed  when  the  peculiar 
phenomena  of  nuclear  division  in  cell -multi  plication  were  in- 
vestigated twenty  years  ago ;  but  not  until  later  was  it  recog- 
nised by  van  Beneden  ('83,  '87)  and  Boveri  ('87,  '88,  '90)  as 
an  important  element  in  the  cell,  which  reproduces  like  the 
nucleus  in  the  increase  of  cells  by  division,  van  Beneden  came 
to  believe  that  the  centrosome,  like  the  nucleus  and  the  proto- 
plasm, is  a  general  cell-constituent.     This  idea  was  supported  by 
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the  observations  of  Flemming,  Solger,  Heidenhain,  and  others, 
who  found  one  or  more  centrosomes  in  other  kinds  of  cells,  such 
as  leucocytes,  pigment-cells,  epithelium -cells,  etc.,  and  even  when 
they  were  not  undergoing  division.  Nevertheless,  in  a  great 
number  of  cells  it  has  not  been  possible  up  to  the  present  time 
to  demonstrate  such  a  body.  Perhaps  this  is  due  to  its  nature. 
It  is  a  ^nule  that  is  very  difficult  to  find  in  protoplasm  on  account 
of  its  minuteness,  and  no  structure  whatever  has  been  proved  in 
it  by  the  help  of  the  microscope.  Moreover,  as  a  rule  it  is  not 
stained  by  the  tisual  staining- reage^pts.  The  endeavours  of  M. 
Heidenhain  to  find  for  it  specific  staming-media,  such  as  exist  for 
the  nucleus,  have  not  yet  led  to  wholly  satisfactorj-  results.  Its 
presence  is  clearly  revealed  by  the  protoplasmic  radiations  by 
which  in  certain  conditions  of  the  celt  it  is  surrounded.  In  tbe 
division  of   the  cell  the  protoplasm  arranges  itself  around    the 
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ceDbrosouio  in  the  form  of  a  radiating  aster;  the  ceutrosonie  forms 
the  middle  point  of  the  star-f^haped  figure  (Fig.  10),  and  is  eaeily 
discovered  by  thia  peculiar  investment. 

While  many  investigators,  led  by  van  Beneden,  are  inclined 
to  regard  the  centrosoiiie  as  a  Bpecific  conat.ituent  of  the  cell,  since 
it  is  always  to  bf  found  in  the  protoplasm  apart  from  the  nucleug. 
O.  Hertwig  ('92)  upholds  the  view  that  it  belongs  to  the  nucleus 
as  a  part  of  the  nuclear  substance,  and  passes  from  it  into  the 
protoplasm  only  during  the  activity  of  the  former  in  fertilisation 


and  division,  retreating  afterwards  again  to  the  nucleus  as  a  part 
of  the  substance  of  the  latter  during  the  resting -condition  of  the 
cell.  That  this  view  of  Hertwig  is  applicable  in  certain  cases  has 
been  shown  recently  by  the  striking  investigations  of  Brauer 
('98,  2)  upon  the  (levelopmen^  of  the  spermatozoa  of  the  thread- 
worm, Ascaris  mcgalocephala.  Brauer  was  able  to  determine  that 
in  these  cells  the  centrosome  is  contained  within  the  resting 
nucleus,  and  in  certain  cases  even  undergoes  division  there ;  later 
it  wanders  out  into  the  protoplasm  and  there  produces  the  proto- 
jjlasmic  radiation  which  surrounds  it  during  cell -division  (Fig.  11). 
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(Jn  the  other  haiiiJ.  in  the  large  majority  of  cases  it  i 
continually,  even  during  the  resting-stnge  of  the  cell,  outaide  the 
uucleus.  Hence,  asHoidenhain('94)and  Boveri  ('95)  remark,  there 
is  ground  for  considering  the  centrosoine  a  constituent  neither  of 
the  nucleus  nor  of  the  protoplasm ;  it  must  rathor  be  regarded 
as  an  independent  constituent  of  the  cell.  Since,  however,  many 
forms  of  cells,  especially  among  unicellular  organisms,  are  known 
in  which  thus  far  it  has  not  been  possible  to  discover  a  centrosome. 
it  is  not  justifiable  at  present  to  regard  it  as  a  general  cell-con- 
stituent. Among  the  vital  phenomena  of  the  cell,  it  is  known  thus 
far  to  share  only  in  reproduction  and  fertilisation, 

In  accordance  with  these  considerations  the  protoplasm  in  its 
entirety  and  the  nucleus  with  its  differentiations  can  be  contrasted 
as  the  sole  general  cell -constituent,  in  distinction  from  ail  special 
constituents,  such  as  the  cell -membrane,  starch -grains,  pigment- 
grains,  oil-droplets,  chlorophyll -bodies,  centrosomes,  etc. 


3.  Multinucleate  Cells  and  Syncytia 

Five  stages  of  individuality  have  been  distinguished  sharply 
from  one   another  in  organic  nature ;    it  must  be  remembered, 
however,  that  no  sharp  limits  are  to  be  found  in  the  living  world. 
Cells  were  distinguished  as  elementary  organisms  from  the  next 
higher  stage  of  individuality,  tissues;  and  it  might  seem  as  if  no 
sharper  boundary  exists  than  that  between  the  smgle  eel!  and  the 
tissue,  which  consists  of  a  number  of  simitar  cells,  and  as  if  it 
would  be  verj'  easy  to  distinguish  the  two  stages  of  individuality 
from     one     another.      In 
reality    this    is     not     so. 
There   are   individual   or- 
ganisms in  which  a  distinc- 
tion, as  to  whether  they  are 
elementary   organisms    ui' 
tissues,  does    not    readily 
appear;   and    such    cases, 
like  many  othere  in  which 
boundaries  are  to  be  estab- 
lished in  nature,  show  that 
the  fixing  of  sharp  limits 
and  definitions  must  con- 
tain finally  a   more   or  less  Ki.-.  I'J.— C«tll««nT  IhecsltawntaUi  twnumiliii. 
arbitrary  element,  that,  in- 
deed, all  limits  and  definitions  are  only  psychological  helps  toward 


The  transition-forms  between  typical  cells  and  genuine  tissues 
are  numerous.  They  consist  of  a  unitary  protoplasmic  mass  con- 
taining more  than  the  one  nucleus  that  is  characteristic  of  the 
cell-type.     Double-nucleated  cells  are  found  in  many  tissues,  such 
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as  cartilage  (Fig.  12).  Many  epithelial  culls  (Fig.  13,  a)  contain 
more  than  two  nuclei ;  and  the  large  ciliate  infusorian,  OpaHiut 
(Fig.  13,  h),  which  lives  parasitically  in  the  intestine  of  the  frog, 
contains  a  considerably  larger  number.  Forms  with  innumerable 
nuclei  are  to  be  found  among  the  marine  algte :  e.g.,  in  the 
thin  lamellar  protoplasmic  layer  of  Caulerpa  (Fig.  14),  a  giant 
cell  of  the  shape  and  size  of  a  leaf,  there  lies  an  immense  number 
of  nuclei,  ail  of  which  together  with  the  protoplasm  are  moving  in 
a  constant  slow  stream  between  the  cell-walls,  i.e.,  the  two  surfeces 
of  the  leaf. 

All  these  organisms  containing  several  nuclei  can  be  separated 
as  multinucleate  cells  from  multicellular  tissues  by  the  feet  that 
in  the  former  the  protoplasmic  territory  immediately  surrounding 
the  individual  nuclei  is  not  sharply  defined  from  the  neighbouring 
protoplasm,  but  together  with  all  the  rest  of  the  protoplasm  con- 
stitutes a  unitary'  mass  which  appears  as  a  whole  shut  off  from  the 


outside  by  a  definite  surface,  while  in  the  tissue  every  individual 
protoplasmic  territory  which  belongs  to  a  nucleus  is  sharply 
separated  from  all  the  rest.  The  nmltinucleate  cell,  therefore, 
represents  one  cell,  which  is  characterised  as  a  whole  by  a  definite 
form  of  surface ;  the  tissue,  however,  consists  of  a  sum  of  single 
cells,  each  one  of  which  has  its  own  sharply  defined  form. 

The  distinction  between  multinucleate  cells  and  genuine  tissues 
becomes  more  difficult  in  the  case  of  certain  low  organisms,  the 
Myxomycetts,  which  have  frequently  been  claimed  by  the  botanists 
as  plants  and  by  the  zoologists  as  animals,  and  which  in  many 
respects  are  of  great  interest.  They  are  sometimes  seen  in  leafy 
forests,  upon  mouldy  leaves  or  decaying  tree-trunks,  as  white, 
yellow,  or  brownish-red  networks;  they  often  spread  themselves 
out  for  several  decimetres  upon  ejects  by  means  of  their  delicate 
arborescent  strands  (Fig.  15,  /).  Detailed  examination  shows  that 
these  networks,  which  sometimes  form  thicker,  lumpy  masses  of 
•His  same  appearance,  arc  of  a  soft  slimy  consistency.     If  such  a 
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network  be  observed  some  hours  afler  it  is  first  seen,  or  upon  the 
next  day,  it  is  found  that  not  only  its  place  but  its  shape  has  been 
completely  changed ;  and  if  a  small  piece  be  cut  off  from  it,  laid 
upon  a  glass  plate  and  kept  in  a  moist  place,  it  can  be  seen  how 
the  whole  mass  begins  to  flow  slowly  and  to  send  out  delicate  pro- 
cesses in  this  and  that  direction,  which  branch  in  an  arborescent 
manner  and  Bow  together  into  a  network.  In  short,  it  is  seen 
that  the  whole  network  is  living,    Myx<yinycetes  consists  of  com- 
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pletely  naked  protoplasm.  Microscopic  examination  and  staining 
reveal  in  the  fine  strands  of  its  plasmodia  a  large  number  of 
nuclei,  which  are  continually  being  dragged  along  by  the  slowly 
flowing  protoplasm  and  which  roll  over  and  under  one  another, 
plainly  showing  that  they  possess  no  fixed  position  but  change 
their  places  constantly  and  irregularly  in  the  unitaiy  protoplasmic 
mass.  Here  individual  eel  I -territories  are  not  marked  off  witnin  the 
protoplasmic  body.  According  to  the  above  criterion,  therefore, 
we  would    be  obliged  to  regard  the  plasmodia  as  multinucleate 
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fvjk.  Bat  clv^  'jngifi  'ff  tht:  MyxiMnycfzte  plaMinodia  reoders  such 
«  THTV  awKTtaiiL  MyxwnyjtU*  m^doixti  by  spores,  u.,  br  sin&ll 
micrcMic'^fHC  cspxnlex,  th*;  tthslbt  rrf  wbicb  Iranit  and  give  exit  in 
«m:4i  cann  to  a  mnall  naked  cell,  wfaicb  is  capable  of  changing  iOt 
^4a^  and  in  pmyifltti  with  one  nncleus  (fig.  1-5.  a,  b,  e).  A  ver>' 
lar^  nnmber  of  the  HporcM  always  coexist  and  many  separate  ceU.s 
creep  oxit  at  the  same  time.  These  cell*  so«j  creep  together, 
OMilcsce,  and  than  fonn  a  larger,  anitarr,  jmrtnolasmic  mam,  which 
0(iDtain8  a  number  of  nnclei  (Fig.  13  «,/).  The  mass  grows  by  its 
own  Dotritive  eflortfi,  the  nuclei  maltiply  by  division,  and  thos 


ATwm  finally  the  large,  reticulate  plasmodium.  This  plasmodium, 
therefore,  although  representing  a  unitary  protoplasmic  mass  con- 
taining many  nuclei  and  without  cell-boundaries,  has  arisen  from 
tiiany  single  cells.  Hence,  strictly,  it  is  not  proper  to  consider  the 
[dasm'xlium  of  Myi:omyeetes  as  a  multinucleate  cell;  at  the  same 
time  it  is  not  justifiable  to  speak  of  it  as  a  genuine  tissue,  for 
no  eel  I -boundaries  are  marked  out  for  the  single  nuclei.  A  special 
name,  therefore,  has  been  created  for  these  intermediate  sta^^ 
l»etween  the  single  cell  and  the  tissue,  and  they  have  been  called 


B.  THE   MOKI>HOI.OGlCAL   SATURE  OF   LIVISG   SUBSTANCE 

1.    The  Form  and  Sue  of  the  Celt 

Thi-  chief  fact  that  has  stood  in  the  way  of  a  consistent  ex- 
tenftion  of  the  cell-theory  and  one  that  still  presents  at  first  the 
greatest  difficulties  to  all  who  study  the  finer  stnicture  of  organ- 
Bnw,  is  the  astonishing  variety  of  forms  in  which  the  elementary 
Mmstituent  of  organisms  appears.      The  forms  of  the   difierent 
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cells  are  so  manifold  that  it  is  ofteu  difficult,  for  the  inexperienced 
observer  to  realise  that  they  are  ail  difterent  modifications  of  one 
and  the  same  type.  In  contradistinction  to  this  endless  variety 
there  exists  a  wide-spread  constancy  in  the  form  of  one  and  the 
same  kind  of  cell,  so  that  the  cells  of  any  particular  tissue  of 
the  human  body,  eg.,  the  liver,  the  akin,  the  Done,  or  the  blood, 
are  always  to  be  recognised  at  once  as  such,  t.e,,  as  liver-,  skin-, 
boae-,  or  blood-cells.  A  few  examples  will  best  illustrate  the  great, 
differences  in  the  forms  of  cells. 

There  are  many  cells  that  possess  no  constant  form,  but  change 

their  shape  continually,  and  hence  are  termed  amaboid  cells.     All 

'  I  cells  have  a  naked  protoplasmic  body,  upon  the  surface 


I  of  which  projections  of  the  body-substance  constantly  appear  and 
disappear,  and  thus  a  new  shape  is  constantly  being  a^umed.  In 
difTfirent  kinds  of  cells  these  projections  or  pseudopodia  have 
I  different  forms.  Most  fresh-water  Avi^m  (Fig,  16)  and  the  egg- 
I  cells  (Fig,  17.  a)  of  many  animals  are  characterised  by  broad,  lolwte 
I  or  finger-shaped  [»seudopodia :  leucocytes  (Fig.  17,  b).  or  colonr- 
I  less  blood-cells,  by  pointed  and  divided  pseudopodia ;  and  many 
wShinopoda  (Fig.  17,  c)  and  pigment-cells  (Fig.  17,  d)  by  thread- 
I  like  and  reticulate  pseudopodia  flowing  into  one  another. 
I  But  by  far  the  majority  of  cells  possess  a  constant  form,  whether 
I  the  protoplasm  is  enclosed  in  a  membrane  or  not.  The  simplest 
f  form  of  cell  that  can  be  regarded  as  the  type  of  the  elementary 
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organism  is  the  spherical  form,  as  it  appears,  for  example,  in  many 
egg-cells  (Fig.  18,  a).  From  this  type  deviations  in  all  sorts  of 
directions  occur.  When  the  cells  are  united  with  other  similar 
ones,  as  is  the  case  in  every  tissue,  their  form  is  modified  hy 
the  pressure  which  they  receive  from  the  surrounding  cells.  A 
cell  which  in  itself  is  spherical  must,  therefore,  in  a  tissue  take 
on  a  polyhedral  form  according  to  simple  mechanical  laws,  just  as 


IT.— a,   Bgg-ceU  of  a 
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peas  lose  their  spherical  shape,  and  become  polyhedral  when  they 
are  crowded  thickly  in  a  bottle  and  are  made  to  swell.  In  fact 
the  polyhedral  shape  of  cells  occurs  very  frequently  in  tissues, 
especially  in  epithelium-cells  of  the  skin  (Fig.  IS,  b)  and  gland- 
cells.  Further,  one  essential  fiictor  in  causing  a  deviation  from 
the  spherical  type  is  the  formation  of  permanent  processes  upon 
the  surface.  In  this  way  permanent  forms  of  cells  often  occur 
)f  the  shape  that  amoeboid  cells  show  temporarily.     The  green 
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Euaalru.ii  (Fig.  19,  ti)  represents   such  a   cell  with  lobate 
i,  and  the  ganglion-cells  in  the  central  nervous  system 


■a.iirchiu.    (iftor  Uertwig.) 


of  man.  the  brain  and  spinal  cord,  which  give  origin  to  the  nerve- 
tibres,  possess  constant  processes  which   appear  exactly  like   the 


pseudopodia  of  many  rhizopod   cells  (Fig.  19.  b). 
Other  cells,  the  ciliated  cells,  have  upon  their  snr- 
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face  motile  but  pennanent  processes,  of  the  shape  of  eye-lashes. 
These  ciliated  cells  are  very  wide-spread ;  they  occur  not  only  in 
tissues  aa  ciliated  epithelium -eel  Is  (Fig.  20,  a),  but  also  free-living 
and  constituting  the  great  host  of  the  CUiata,  or  ciliate  Infusoria, 
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and  the  Flagellata,  or  Hagellate  Ivfv,soria,  according  as  the  one- 
celled  body  possesses  many  similar  or  variously  differentiated  cilia 
(Fig.  20,  &),  or  only  one  flagellum  or  several  (Fig.  20,  c).  Finally, 
there  are  cells  that  deviate  from  the  type  by  being  enormouah' 
extended  in  one  direction,  so  that  they  appear  as  slender,  band- 
or  thread-like  forms.  Extremes  in  this  du-ection  are  smooth  and 
cross-striated  muscles-cells  (Fig.  21,  a)  and  many  spermatozoa 
(Fig.  21,  H 

In  contrast  to  the  astonishing  variety  of  form,  it  is  surprising 
that  the  size  of  cells  varies  only  within  relatively  narrow  limits. 
It  is  a  very  noteworthy  feet  that  by  far  the  majority  of  all  cells  are 
Tnicroscopic.  The  size  of  organisms  varies  within  very  wide 
limits,  from  the  extreme  minuteness  of  a  bacterium,  measuring 
(inly  a  few  thousandths  of  a  millimetre,  up  to  the  enormous  mass 
(if  an  elephant  or  the  huge  spread  of  an  American  mammoth- 
tree.     But  large  organisms  are  never  found  consisting  of  a  single 
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celL  Only  a  very  few  varieties  of  cells  having  a  compact  proto- 
plasmic body  reach  a  diameter  of  a  few  millimetres,  and  these 
are  amoeboid,  their  surfiice  changing 
continually  and  their  substance  being 
in  constant  streaming  motion.  The  fact 
that  compact  cells  whose  radii  are  ap- 
proximately equal  in  all  dimensions  and 
whose  protoplasm  is  not  constantly 
streaming  never  surpass  the  size  of  a 
few  millimetres,  has  only  apparent  ex- 
ceptions. The  bird  s  egg  might  be  re- 
garded as  an  exception.  It  is  well 
known  that  the  egg  of  a  fowl  before  it 
has  left  the  body  represents  a  single 
cell;  an  ostrich  egg  would,  therefore,  be 
a  single,  compact  giant  cell,  which  ap- 
parently would  contradict  the  above 
inile.  This  exception,  however,  as  has 
been  said,  is  only  apparent,  for  the  really 
active  or  living  protoplasm  of  the  egg- 
cell  has  a  ver\^  small  bulk  and  in  the 
form  of  an  extremely  thin  and  deliciite 
lamella  is  laid  over  the  rest  of  the 
mass,  which  latter  consists  of  inactive 
egg-yolk,  the  food-material  for  the  fur- 
ther developing  and  reproducing  cell. 
Hence  there  is  here,  not  a  solid  com- 
pact mass  of  living  substance,  but 
merely  a  thin  lamella.  Such  an  ex- 
tension in  one  or  two  dimensions  exists 
also  in  all  other  cells  that  exceed  the 
usual  size — e.g.,  the  cross-striated 
muscle-cells  of  the  leg-muscles,  which 
are  often  more  than  a  decimetre  in 
length ;  ganglion-cells,  which  are  ex- 
tended into  nerve-fibres  more  than  a 
metre  long,  and  the  leaf-shaped  cells  of 
Caulerpa.  In  all  these  cases  it  appears 
that  the  ratio  of  the  mass  to  the  sfivrface 
of  the  cell  never  exceeds  a  certain  value. 
As  will  be  seen  later,  this  phenomenon 
is   deeply  grounded   in  the  nature  of 

living  substance,  and  the  formation  of  a  large  and  massive  organism 
is  possible  only  by  the  employment  of  very  small  autonomous 
elements,  such  as  the  cells. 


a 


Fio.  21. — a,  A  smooth  muscle-cell. 
(After  Schiefferdecker.)  b.  Sper- 
matozoon of  Salanuindra  maen- 
lata.  (After  Hertwig.)  k.  Head; 

39,  tip  ;  m,  middle-piece ;  ii,  un- 
ulanng    membrane ;    <f,    end- 
thread. 


2.  Froloplasnt 

The  mistake  has  frequently  been  matte  of  considering  protoplastii 
a  chemically  unitary  substance.  This  idea  involvoB  a  double  error, 
for,  first,  the  conception  of  protoplasm,  as  created  by  the  earlier  cell- 
investigators,  was  not  a  chemical  but  a  morphological  conception, 
and.  secondly,  it  applied  to  the  whole  contents  of  the  cell,  with  the 
exception  of  the  nncleus,  The  cell-contents  is,  however,  in  neither 
the  chemical  nor  the  morphological  sense  a  unitary  substance,  but 
is  a  mixture  of  many  morphological  constituents;  and  it  must 
constantly  be  borne  in  mind  that,  since  it  is  impossible  to  separate 
one  or  another  constituent  as  accessory,  the  limitation  of  the  term 
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protoplasm  to  ceitain  constituents  of  the  cell  is  wholly  inadmissible 
and  leads  to  evil  consequences.     The  conception  of  protoplasm, 
there  fore,  should  be  maintained  under  all  circumstances  strictly  in  its 
original  sense  as  a  comprehensive  morphological  conception ;  proto- 
plasm is  a  sum,  a  mixture,  of  very  dififerent  morphological  elements. 
Even  if  by  degrees  its  individual  constituents  become  known  mor- 
"'ologically  and  chemically,  the  comprehensiveness  of  the  term 
not  thereby  be  set  aside.     Whatever  significations  the  various 
uices  may  have  in  the  vital  process  of  the  cell  is  a  wholly  dif- 
qnestion,  and  does  not  affect  the  conception  of  protoplasm. 
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When  the  contents  of  protoplasm  are  investigated,  upon  super- 
ficial examination  two  groups  of  constituents  maybe  distinguished, 
namely,  various  well-defined  bodies,  such  as  grains,  droplets,  etc., 
and  a  unit'orm,  semi-lic[uid,  apparently  homogeneous  ground- 
substance,  in  which  the  former,  like  the  nucleus,  lie  embedded. 
But,  while  in  many  cells  the  ground -substance  contains  only  a  few 
solid  bodies,  as,  e.y.,  in  many  epithelium-cells  (Fig.  22,  (7),  in  others 
it  can  scarcely  be  seen  because  of  the  abundant  granular  consti- 
tuents, as  is  frequently  the  case  in  many  plant-cells,  and  especially 
in  certain   parasitic   unicellulfir   organisms,  the   Grrgnnna'  (Fig. 


a.   The  Solid  C'onglitucnU  of  Protoplasm 

The  solid  amstituents  of  protoplasm  are  material  elements  of  very 
various  natures;  they  are  special  constituents,  and  do  not  occur 
in  all  cells.  Among  them  occur  bodies  that  are  of  the  highest 
significance  for  the  life  of  the  cell  in  which  they  are  contained, 
that  impress  upon  the  cell  a  characteristic  feature;  and  also 
elements  that  play  no  role  whatever  in  the  vital  process,  such  as 
the  indigestible  residue  of  food.  There  are  found,  further,  food- 
constituents  which  are  not  yet  changed,  other  substances  which 
have  been  regularly  transformed  from  the  food  by  the  v4tal  process 
or  have  been  formed  anew,  and,  finally,  in  many  cells  independent 
organisms  which  live  continually  in  them 
as  symbionts  or  parasites  and  under  cer- 
tain circumstances  play  a  definite  rdle  in 
the  life-process  of  the  cells. 

Among  the  solid  protoplasmic  constitu- 
ents which  are  especially  significant  in  the 
life  of  the  cell,  and  which,  therefore,  can 
be  considered  as  org'^'is  of  the  cell,  or. 
better,  since  we  understand  by  organ  a 
structure  composed  of  many  cells,  as  ceU- 
OT ganoids,  the  ekloropktfll-bodifs  of  plant- 
cells  are  especially  important.  The.-ic 
small,  usually  roundish,  sometimes  band- 
shaped  bodies,  which  lie  embedded  in  the 
ground-substance  of  the  protoplasm  (Fig. 
23,  a),  give  to  the  plant-celt  and  thus  to 
the  whole  plant  its  magnificent  green 
colour,  ftir  their  delicate  albuminoid  bodies 

are  saturated  with  an  intensely  green  colouring-matter.    The  chloro- 
phyll-bodies are  of  the  greatest  importance  for  the  plant-cell,  for  in 

'   them  occurs  a  considerable  part  of  its  characteristic  vital  pi-ocess. 
Other  organoids,  which  in  many  cases  are  likewise  of  great  import- 

L  ance  for  the  cell-life,  are  the  drops  of  liquid,  or  vamole»,  as  they  are 
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monly  but  inappropriately  termed.  Of  the  vacuoles  two  kinds 
may  be  distinguished.  Some  collect  only  occasionally  in  the 
■irotoplasm  in  a  place  where  a  substance  lies  that  attracts  water. 
)ther9  are  pt-rmanent  structures,  and  are  present  frequently  in 
auch  great  numbers  that  the  mass  of  the  protoplasm  is  small 
in  proportion  to  them  and  merely  forma  thm  walls  for  them ; 
the  protoplasm  then  presents  a  frothy  appearance,  as,  e.g.,  in  many 
plant-c«lls  (Fig.  24.  a)  and  Rculidaria  (Fig.  24,  6).  Among  the 
constant  vacuoles  that  serve  as  cell-organoids  there  are  the  so- 
called   contractile   or  pvJmiinff  vacuoles,  drops  of  liquid  that  dis- 


appear and  appear  again  at  the  same  spot,  usually  rhythmically, 
while  the  liquid  rhythmically  mixes  with  the  protoplasm  and 
again  accumulates.  Many  of  these  pulsating  vacuoles  have  special 
efferent  canals  and  a  constant  wall,  as  is  the  case  in  many  uni- 
cellidar  free-living  organisms,  especially  the  ciliate  Infusoria  (Fig, 
2*.  c). 

In  addition  to  such  constant  elements,  in  many  cells  solid 
constituents  are  met  with  that  are  present  as  such  only  tempo- 
rarily. Here  belong  especially  the  food-bodies  that  are  found  in 
cells  that  nourish  themselves  by  taking  in  solid  food-constituents. 
Unicellular  naked  organisms,  such  as  Aineeba,  while  blood-cells. 


infusorian  cells,  and  others,  not  rarely  show  in  their  body- 
contents  small  Algas,  Saettria,  and  Infusoria,  which  they  have 
taken  up  from  the  outside  (Fig.  25. 1),  and  which  sometimes  are 
scarcely  to  be  distinguished  from  other  solid  constituents  of  the 
protoplasm.  These  iood-organisms  become  gradually  digested  and 
disappear. 

There  appear  also  frequently  in  the  cell-body  as  producU  oj 
diifettion,  both  in  the  cells  that  ingest  solid,  and  those  that  ingest 
only  liquid  food,  definite  granules,  usually  roundish,  and  varying 
greatly  in  nature  (Figs.  7  and  22,6),  which  Altmann  has  grouped 
in  part  under  the  name  gramila,  and  which,  as  has  already  btien 


* 

^ 


seen,  he  regards  as  elementary  organisms,  the  ultimate  living 
elements  of  the  cell.  The  composition  and  significance  of  most  of 
these  metabolic  products  of  living  substance  which  in  the  form  of 
gmnules  help  to  constitute  the  protoplasmic  body,  is  not  yet 
known.  But  some  are  characterised  verj'  exactly  and  are  easily 
recognised,  such  as  the  concentrically  stratified  aiarch-gran\U€t  in 
plant-cells  (Fig.  25.  //  and  ///),  the  fat-drapUts  in  the  cells  of 
the  lacteal  glands,  the  iflpcogm-fframile*  in  bver-cells,  the  pvpneni- 
ffranuUa  in  the  pigment-cells  of  the  skin  of  many  coloured  animals 
(Fig.  17,  rf),  thi>  aleurone-ffrairu,  consisting  of  proteid.  in  thf  cells 
of  sprouting  plant-seeds,  the  crystals  of  calcium  oxalate  in  plant- 
cells,  of  mlcium  guanin  in  pigment-cells,  an^  ''tkeni.  lutwiaj 
mention  of  which  would  lead  us  too  for. 
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In  the  contents  of  many  cells  then;  occui-e  a  fourth  group  of 
solid  elements,  which  either  do  not  take  part  at  all  in  the  life- 
process  of  the  cell,  or  have  ceased  to  do  so.  These  are  indigestible 
bodies  which  are  taken  in  occasionally,  such  as  saiid-ifmins  (Fig. 
26),  which  are  met  with  in  many  AmtBhai.  the  indigestible  residue 
of  food -stuffs,  such  as  shells,  skeletons,  and  the  capsules  o/food-orga7i,- 
ums,  and  excretory  gttbstances,  which  remain  for  some  time  in  the 
cell-body  as  useless  by-products  or  as  end-products  of  metabolism, 
to  be  excreted  later. 

Finally,  among  the  solid  elements  of  the  protoplasm  in  certain 
cells,  especially  in  aquatic  animals,  there  occur  not  rarely  symbiotic 
or  parasitic  unicellular  organisms  which  strictly  do  not  belong  to 
the  protoplasm  of  the  cell  in  question,  but  in  individual  cases  jtlay 
an  important  rdk  in  the  life  of  their  host.  Among  such  symbiotic 
organisms  are  e.specially  many  algse,  the  Zooxanthellw  and   tho 


ZoocfUorella:,  the  nature  of  which  as  independent  organisms  has 
been  for  a  long  time  in  dispute.  They  occur  abundantly  in 
the  cells  of  lower  animals,  particularly  in  many  Infusoria  and 
Radiolaria,  to  which  by  the  activity  of  their  chlorophyll-bodies 
they  furnish  oxygen,  so  that  a«  regards  respiration  their  hosts 
are  largely  independent  of  the  oxygen  of  the  medium  in  which 
they  live  (Fig,  27). 

We  shall  not  enumerate  exhaustively  the  solid  components  that 
are  to  be  met  with  in  cells.  Such  a  list  would  fill  many  pagi's.  It 
is  only  important  here  to  understand  how  different  in  nature  are 
the  various  solid  constituents  of  protoplasm  that  may  occur  in  in- 
dividual cells,  and  how  unjustified  is  the  idea  of  the  unitary  character 
of  protoplasm.  We  will  now  leave  the  solid  elements,  and  turn  to 
the  consideration  of  the  homt^eneous  ground-substance. 


LIVING  SUBSTANCE 


I 
I 
I 


b.     The  Grountl-suAatanee  of  Protoplastn 

As  already  noted,  the  grwuTtd'Sviistance  of  prott^lasm,  in  which 
the  granules,  etc.,  are  embedded,  appears  upon  superficial  examina- 
tion completely  homogeneous.  This  ran  h&  seeu  best  in  celb  that 
contAin  only  a  few  solid  constituents  stored  in  their  ground- 
substance;  it  is  especially  evident  in  many  Amcehoc,  wmcb  are 
free-living  cells  jiossesBing  naked  protoplasmic  bodies  that  creep 
about  at  the  bottom  of  stagnant  water,  constantly  changing  their 
form,  and  represent  the  lowest  and  simplest  organisms  inhabiting 
tbe  surface  of  the  earth.  These  interesting  elementary  organisms 
usually  form  upon  their  surface  pseudopodia  which  are  wholly  free 
from  granules,  broad,  finger-shaped,  or  lobate,  and  appear  com- 

iiletely  hyaline  and  structureless  (Fig.  16,  p.  75,  and  Fig.  28).  In 
act,  in  the  Avueha  the  hyaline  protoplasm  not  rarely  is  completely 
structureless.  All  investigations  up  to  the 
present  time  which  have  been  undertaken 
with  the  best  microscopic  methods  agree  in 
this. 

But  this  actual  homogeneity  of  the  gi-onnd- 
substance  of  protoplasm  is  not  the  rule;  mi 
the  contrary,  the  employment  of  high  magni- 
fying powers  shows  that  by  far  the  majorily 
of  cells  possess  in  reality  in  their  apparently 
homogeneous  ground-mass  an  extremely  tinr 
and  characteristic  structure. 

Reniak  ('44)  observed  that  not  only  nervx- 
fibres  but  also  the  ganglion-cells  of  the  central 
nervous  system  possess  a  very  fine  fibrous  or 
fibrillar  structure — an  observation  that  was 
confirmed  and  extended  by  a  large  number  of 
investigators,  especially  by  Max  Sehultze  (7 1 ). 
A  striated  structure  was  later  found  in  the 
protoplasm  of  various  other  cells,  gland-cells, 
■epithelium-cells,  muscle-cells,  etc..  and  thus 
the  idea  was  formed  by  various  investigators  that  a  fibrillar  struc- 
ture is  wide-spread  in  protoplasm ;  this  view  is  still  defended  to- 
day, especially  by  Flemming,  Ballowitz,  and  Camillo  Schneider. 

But  this  theory  early  underwent  a  modification.  Beginning  in 
1867,  Frommann  especially  endeavoured  to  show  by  a  long  series 
■of  researches  that  the  finer  stnicture  of  the  protoplasm  of  all  cells 
is  not  properly  fibrillar,  but  reticular ;  this  view  was  adopted 
Almost  at  the  same  time  by  Heitzmann,  and  soon  obtained  wide 
acceptance.  According  to  this  idea,  protoplasm  forms  a  network, 
■or,  better,  a  meshwork.  the  nodal  jwints  of  which  appear  as  indi* 
vidual  granules.     The  whoh-  tiii'shwork  of  the  cell  is  o[>en  to  the 
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outside,  and  between  its  threads  exists  a  liquid,  which,  however,  is 
diflferent  from  the  liquid  of  the  medium  in  which  the  cell  lives,  i.e., 
the  water,  the  body-juices,  etc.  It  is  difficult  to  understand  why, 
as  the  adherents  of  the  theory  of  the  reticular  structure  of  pro- 
toplasm hold  to  be  possible,  the  internal  cell-liquid  in  cells  that 
possess  no  membrane,  such  as  the  leucocytes  of  the  blood  and 
Amosba,  the  reticular  structure  of  which  has  been  described  by 
Heitzmann  in  great  detail,  does  not  continually  mix  with  the  sur- 
rounding medium  in  spite  of  its  great  proportion  of  water.  But 
attempts  to  stain  such  living  protoplasmic  masses  by  certain 
staining-solutions  show  clearly  that  the  staining-fluid  does  not 
penetrate  into  the  living  protoplasm.  This  and  similar  difficulties 
which  arise  in  connection  with  the  idea  of  protoplasm  as  a  mesh- 
work  open  upon  all  sides  have  led  many  investigators  to  take  a 
very  sceptical  attitude  toward  the  theory  of  a  reticular  structure, 
although  in  various  ways  the  reticular  appearance  of  the  protoplasm 
of  many  cells  has  been  confirmed. 

The  striking  researches  with  which  in  recent  years  Blitschli 
('92,  1)  has  been  surprising  the  scientific  world,  have  completely 
clarified  our  ideas  upon  the  real  nature  of  the  protoplasmic  struc- 
tures so  much  observed.     The  protoplasm  of  a  cell  that  contains 
so  many  vacuoles  or  droplets  of  liquid  that  its  contents  have  a 
foamy  appearance,  presents  with  high  powers  of  the  microscope  a 
picture,  not  of  many  vacuoles  or  bubbles  pressed  tightly  together, 
but  of  a  network,  the  threads  of  which  form  the  cross-sections  of 
the  thin  walls  of  the  vacuoles.     This  is  due  to  the  fact  that  with 
strong  powers  surfaces  only,  and  never  bodies,  are  seen.     The 
microscope  shows  only  optical  cross-sections  of  bodies.     But  the 
optical  cross-section  of  a  foam  is  a  network.    This  fact  led  Blitschli 
to  the  conviction  that  the  finer  reticular  appearance  of  protoplasm 
which  appears  homogeneous  by  feeble  magnification,  as  has  been 
observed  in  so  many  cells,  is  merely  the  optical  expression  of  an 
extremely  finely  vacuolated  foam-structure.     In  order  to  confirm 
this  idea,  Blitschli  endeavoured  artificially  to  produce  microscopic 
foams  of  a  fineness  equal  to  the  hypothetical  protoplasmic  struc- 
tures, and  he  succeeded  in  this  in  a  most  gratifying  manner.     He 
employed  for  his  experiments  oil  which  was  very  finely  rubbed  up 
with  potash  or  cane-sugar.      Small  droplets  of  this  oil-mixture, 
when  placed  upon  a  slide  with  a  drop  of  water,  covered  with  a 
cover  glass,  and  observed  under  a  microscope,  immediately  took  on 
an  extremely  fine  foam-structure.     This  was  due  to  the  fact  that 
the  particles  of  potash  or  sugar,  which  were  finely  divided  in  the 
oil-droplet,  attracted  particles  of  water ;  the  latter  passed  from  the 
outside  through  the  oil  by  diffusion,  accumulated  as  extremely  fine 
droplets  closely  about  the  former,  and  transformed  the  oil  into  a 
»ry  fine  foam.     The  oil-foams  obtained  in  this  way  show  such  a 
imarkable  similarity  to  the  structure  of  protoplasm  that  they  can 
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scarcely  be  distinguished  ii-oiii  the  laiter.  From  the  accompany- 
ing figures  (Fig.  29,  a  and  h),  which  are  taken  from  Bittachh,  the 
identity  in  stnicture  of  the  two  objects  may  be  recognised  at  a 
glance.  After  the  very  careful  and  comprehensive  investigations, 
the  results  of  which  Biitschli  has  published  in  his  book,  doubt  can 
no  longer  exist  that  the  problematic  fine  structure  of  protoplasm 
is  in  reality  foam -structure,  which  depends  upon  the  presence 
within  a  uniform  ground-  mass  of  a  Urge  number  of  extremely  fine 
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vacuoles,  lying  almost  at  the  limit  of  microscopic  visibility,  and  eo 
close  together  that  their  walls  consist  of  relatively  thin  lamella. 
Further,  Blitachli  has  demonstrated  this  foam-structure  in  so 
many  wholly  different  forms  of  cells  (Fig.  29,  a,  e,  d)  that  its  wide 
distribution  can  be  disputed  no  longer. 

As  the  result  of  these  recent  investigations  the  following  picture 
can  be  formed  of  the  finer  mor[)hological  structure  of  protoplasm. 
Protoplasm  consists  of  a  ground-mass,  in  many  cases  completely 
homogeneous,  in  most  casns  very  finely  foam-like  or  honey-comb- 
like, in  which  lies  embedded  a  greater  or  less  quantity  of  very 
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various  solid  elements,  or  granules.  In  the  foam-like  protoplasm  the 
granules  always  lie  at  the  corners  and  angles  where  the  foam- 
vacuoles  come  together,  never  in  the  liquid  of  the  bubbles 
themselves. 

We  have  already  spoken  ^  of  the  idea  of  Altmann,  who  regards 
the  granules  as  the  sole  elimentary  parts  of  protoplasm,  and  the 
intermediate  substance  between  the  granules  as  non-living.  In 
the  light  of  Btttschli's  investigations  this  view^  appears  all  the 
more  untenable. 

3.  The  Cell-Nucleus 

In  recent  years  the  cell-nucleus  has  become  a  favourite  object 
of  morphological  investigation.  And  here  a  psychological  phe- 
nomenon is  to  be  noted,  which  has  constantly  repeated  itself 
in  the  history  of  the  human  mind,  since  mankind  began  to  reflect 
upon  things — this  is  the  tendency  toward  exaggeration.  The 
earlier  investigators  of  protoplasm,  especially  Max  Schultze,  had 
convinced  themselves  that  protoplasm  shows  important  vital 
phenomena,  and  at  once  by  excessive  generalisation  the  view  was 
promulgated  that  protoplasm  is  the  sole  bearer  of  vital  phenomena, 
while  the  nucleus  possesses  an  accessory  significance.  Since  then 
it  has  been  recognised  that  the  nucleus  participates  prominently  in 
certain  vital  phenomena ;  several  investigators  have  shown  that 
it  plays  a  very  important  rdle  in  reproduction,  fertilization,  secre- 
tion, etc.  Immediately  the  original  view  of  the  all-importance  of 
the  protoplasm  has  by  an  extreme  reaction  become  exchanged  for 
its  opposite,  that  of  the  all-importance  of  the  nucleus.  As  will  be 
seen  in  a  later  section,  here,  as  so  often,  the  truth  lies  between  the 
two.  But  every  reaction  is  exaggerated.  Opinions,  like  a  pendu- 
lum, go  first  to  the  two  extremes,  and  only  after  some  time  does 
the  proper  mean  come  to  be  maintained.  Biology  is  indebted  to 
these  investigations  upon  the  nucleus  for  the  fact  that  our 
knowledge  of  it  has  been  greatly  extended.^ 


a.    The  Form  of  the  Nucleus 

The  farm  of  the  nucleus  is  very  diflferent  in  different  cells. 

The  first  conception  of  the  nucleus  was  formed  from  cells  in 
which  within  a  circumscribed  protoplasmic  mass  a  single,  more  or 
less  spherical  nucleus  exists,  which  as  regards  its  refractive  power 
and  its  consistency  differs  essentially  from  the  surrounding  proto- 
plasm.    It  was  found  later  that  the  nucleus  stands  in  sharp  con- 

^   Cf.  p.  63,  etfolg. 

'  A.  Zimmermann  has  recently  made  a  comprehensive  survey  of  the  results  of 
research  upon  the  nucleus,  especially  in  plant-cells,  in  his  book,  Die  Aforphologie 
und  Physiohfjie  des  pfianzlichen  Ztllkenies  :  Eine  kritUche  Litferafurstudie.  Jena, 
1896. 
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tmst  to  tho  prDtojikstii    by  its    tiharacteristic    behaviour    towanl 

Ttain   reagents,   especially   colou ring-mat tere.     Nuclear   maases 

assessing  these  charactenstics  are  the  most  wide-spread  in  thu 

gaDic  world.     The  nuclei  of  a  majority  of  free-living  and  most 

tiasue-forming  cells  among  animals  and  plants  are  of  this  t^-pe. 

In  it  the  relation  of  the  volume  of  the  nucleus  to  that  of  the 

protoplasm  varies  greatly.     There  are  cells  in  which  a  relatively 

small  nucleus  is  surrounded  by  a  large  mass  of  protoplasm,  as,  e.ff., 

many  Foraminifera,  while  in  other  cells,  the  mass  of  the  protoplasm. 

conipariaon  with  the  nucleus,  is  extremely  small,  as  in  most 

ipermatozoa.     From  the  type  of  the  single,  more  or  less  spherical 

nucleus   deviations  in  very  different  directions  occur.     First,  as 

regards  the  number  of  nuclei : 

As    has    ab-eady    been    seen, 

_  there  are  organisms  that  con- 
ist  of  a  unitary  protoplasmic 
s  in  which  lie  embedded  a 

vlftrge  number  of  nuclei,  such 
multinucleate     cells    and 

PfljTicytia.     In   such   case.'*   the 

Ijiumber  of  the  nuclei  cmi  bi.- 

■ho  great  and  their  size  so  ex- 

Bssively  small  that,  as  Gruber 

<'88)  has  observed  in  certain 

F  Shveapotla  from  the  harbour  of 
Genoa,  especially /'e^o»p_ya;n^fl/- 
lida.  the  nuclei  lie  distributed 
through  the  whole  protoplasm 
as    a   fine   powder  (Fig.   30). 

LWith  such   a   division  of  the 

■iQUclear  mass  as  is  present  in 

f  multinucleate  forms,  the  nu- 
clear surface  nattu^lly  is  con- 
siderably larger  than  with  the 
same  quantity  contained  in  a 

I  single  large  nucleus— a  fact  that  is  particularly  important  from 

L'thc  physiological  point  of  view. 

■     The  same  principle  of  sui-faco-enlargement  is  seen  also  in  the 

f  difierentiation  of  the  form  of  the  single  nucleus.  The  most  mani- 
fold and  extreme  deviations  from  the  typical  spherical  form  occur. 
Rod-shaped,  band-shaped  (Fig.  31,  a,)  and  moniliform  (Fig.  31.  fi> 
nuclei  are  vejy  common  among  ciliate  Infusorvi.  Going  still  fur- 
ther, the  same  principle  leads  to  star-shaped  and  branched  nuclei, 
which  are  found  in  certain  cells  in  the  bodies  of  insects,  and  reach 
their  highest  development  in  antler-like  branched  forms  in  the 
cells  of  ine  spinning-glands  of  many  caterpillars  (Fig,  31.  c).     It 

"    >ems  noteworthy  that  it  is  the  nuclei  of  secreting  cells,  i.e.  cells 
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characterised  by  lively  tM^tivity,  in  which  the  principle  ol'  aiti-face- 
enlargement  by  branching  is  especially  exprossed. 


b.  The  Substance  of  the  Niiete lis 

As  regards  the  nature  of  the  sitbatance  of  the  nucleus,  exactly  the 
same  is  true  as  in  the  case  of  the  protoplasm.  The  nucleus  la  no 
more  a  luiitary  substance  than  is  the  protoplasm.  It  is  a  morpho- 
logical structure,  an  oi^noid  of  the  cell,  which  consists  of  several 


Pio.  al.— Colli  coDtaliiingdiflennt  form*  at  nucleL  ii,  I'lrlicidu,  a  cUlaUlnriuorkn,  pouiiHiliiBa 
rnd-«lupad  nuclsiu.  i,  SlrMtr,  a  dUitclnftuwrlui,  pwHSBlug  a  moDllUonu  uiiclmu.  r.  r,  Cells 
o[  ths  ajjInning-glBnili  ol  the  cuterpUliir  poMi»i»Uig  «iillot-liko  branchod  nuclul.  (After 
KoTwbslt.) 

different  constituents  that  may  be  dietinguished  from  one  another 
microscopically  more  or  less  clearly,  and  all  of  which  are  not 
present  in  all  cells  at  all  times.  Because  of  the  exceeding  minute- 
ness of  the  objects,  it  is  oflen  ditticiilt  sharply  to  characterise  the 
individual  constituents.  Therefore,  their  iaentity  in  two  separate 
species  is  not  always  beyond  doubt,  and  extended  investigations 
are  still  needed  before  it  will  be  known  clearly  what  constituents 
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of  one  nucleus  correspond  exactly  to  those  of  another.  Neverthe- 
less, a  number  of  constituents,  which  apparently  are  wide-apread, 
are  even  now  fairly  well  characterised.  The  following  substances 
oncUT  most  constantly : — 

1.  The  nuclear  sap  constitutes  the  liquid  ground -substance,  in 
which  the  solid  nuclear  constituents  are  contained  (Fig.  32).  M. 
Heidenhain,  Reinke,  and  Korschelt  have  lately  demonstrated  that 
in  many  cells,  even  during  life,  it  presents  an  extremely  finely 

I   granular  appearance. 

2.  The  ackromalic  nuckar  substance  forms  in  the  ground -substance 
a  supporting- stmcture  of  fine  threads,  which  are  characterised,  like 
the  nuclear  sap  in  which  they  are  suspended,  by  not  staining  with 
the  typical  nuclear  stains,  such  as  the  carmine  stains,  haemotoxylin, 
etc. 

3.  The  chromatic  nuclear  substance  is  distinguished  from  the 
achromatic  by  its  property  of  staining  with  these  reagents.  It  is 
contained  in  the  strands  of  the  achromatic  substance,  as  a  rule  in 
the  form  of  small  granules  and  irregular  particles,  and  upon  its 
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staining-power  chiefly  rests  o 
the  nucleus. 

4.  The  nucleolus  is  a  homogeneous  granule  which  is  present 
comparatively  rarely  in  nuclei ;  it  consists  of  a  strongly  refractive 
substance  which  appears  to  be  closely  related  to  the  chromatic 
substance.  Since,  as  a  rule,  the  substance  of  the  nucleoli  may  be 
stained  by  the  nuclear  stains  like  the  chromatic  substance,  the 
nucleolus  has  been  considered  by  many  investigators  as  a  special 
accumulation  of  chromatic  substance — a  view  which,  however, 
because  of  the  different  relations  of  the  two  substances  toward 
certain  chemical  reagents,  cannot  strictly  be  maintained. 

All  of  these  substances,  to  which  with  advancing  knowledge  of 
L  the  nucleus  others  will  perhaps  be  added,  are  present  in  very  dif- 
[  ferent  quantities  in  different  cells.     A  substance  that  is  abundant 
f  in  one  nucleus  may  be  insignificant  in  another,  and  it  even  appears 
'  as  if  certain  substances  can  be  wholly  wanting  in  certain  nuclei. 
In  many  cases  the  nuclear  substances  are  surrounded  and  marked 
off  from  the  protoplasm  by  a  special  nuclear  Tttemhrane,  which,  how- 
ever, like  the  cell-membrane  in  relation  to  the  cell,  is  not  a  general 
constituent  of  the  imcleus. 
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Recently,  Zacharias  ('81-'87)  and  Frank  Schwarz  ('87)  have  en- 
deavoured to  replace  the  customary  names  of  the  individual  sub- 
stances by  other  names.  Thus,  the  chromatic  substance  has  been 
termed  nuclein,  the  achromatic  substance  linin,  the  nucleolar 
substance  paranuclein  or  pyrenin,  the  nuclear  sap  paralinin,  and 
the  substance  of  the  nuclear  membrane  amphipyrenin.  The 
adoption  of  these  names  is  not  recommended,  for  they  may 
so  easily  be  confounded  with  chemical  notions  as  to  lead  to  the 
error  of  seeming  to  deal  with  chemical  entities,  while  the  nuclear 
substances  in  question  are  purely  morphological.  If  the  term 
nuclein  were  to  be  employed  in  a  chemical  sense,  the  chromatic 
nuclear  substance  would  be  placed  in  a  chemical  contrast  with  the 
other  nuclear  substances  that  does  not  really  exist,  for  the  majority 
of  other  nuclear  substances  likewise  belong  chemically  to  the  so- 
called  nucleins,  representing  different  kinds  of  the  latter.  There- 
fore it  is  more  fitting  to  employ  the  original  names  above  mentioned 
for  the  morphological  nuclear  constituents,  and  not  to  confuse  the 
latter  with  chemical  substances. 

One  more  phenomenon  relative  to  the  differentiations  of  the 
individual  substances  is  of  interest.  This  is  the  fact  that,  of  the 
substances  that  occur  together  within  the  nucleus  in  most  cells, 
some  have  become  differentiated  in  many  cells  into  separate  masses 
within  the  protoplasm,  so  that  two  entirely  different  forms  of 
nucleus  occur  side  by  side  within  the  same  cell.  This  condition  is 
almost  universally  realised  in  ciliate  Infusoria^  which  possess,  in 
addition  to  a  larger  nucleus,  the  macronucleus,  which  in  some 
species  and  at  certain  periods  seems  to  consist  chiefly  of  chromatic 
substance,  one,  several,  or  often  a  great  number  of  the  so-called 
accessory  nuclei,  or  micronuclei,  which  likewise  in  some  species 
and  at  certain  periods  seem  to  consist  mostly  of  achromatic  sub- 
stance. The  claim  of  the  two  elements  in  the  infusorian  cell  to  be 
regarded  as  two  different  nuclear  substances  is  based  upon  the 
phenomena  which,  according  to  the  striking  investigations  of  R. 
Hertwig  ('88-'89),  appear  in  the  conjugation  of  two  individuals. 
Here  the  chief  nucleus  goes  to  pieces  completely  in  the  protoplasm, 
and  after  conjugation  a  new  rudiment  of  it  is  differentiated  from 
the  substance  oi  the  accessory  nuclei.  While  in  the  ciliate 
Infusoria  the  two  forms  of  nucleus  remain  throughout  life,  in 
the  Difflugioe  of  the  Rhizopoda  a  localised  differentiation  of  two 
nuclei  appears  only  during  the  period  of  conjugation  and  gives 
place  afterwards  to  the  uninucleated  condition.^ 

c.  The  Structure  of  the  Nucleus 

It  has  been  seen  that  the  achromatic  substance  forms  in  the 
ground-mass  of  the  granular  nuclear  sap  a  supporting-structure,  in 

»  Cf,  Verworn  ('90,  1). 
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the  stramls  and  nixial  yKiints  of  which  the  chromatic  substance  and 
the  nucleoli  lie  embedded  in  precisely  the  same  manner  as  the  solid 
elements,  the  pauules,  etc.,  lie  in  the  alveolar  walls  of  the  proto- 
plasm. Indeed,  as  Butschli  has 
shown,  the  similarity  of  the 
relation  even  goes  so  far  in  in- 
dividual cases  that  the  achromatic 
substance  in  the  nucleus  shows 
lirecisely  the  same  alveolar  struc- 
ture that  the  ground-mass  of  thi 
Jirotoplasm  as  a  rule  possessis 
Fig.  33). 

All  these  structures  are  chai- 
acteristic    only  of  the   so-called     p,,^  sB.-Ai™>iar  *tr.ictim.  ui  tho  nutiouB 
resting-stage  of  the  cell.     As  soon  ot  ■  »«ih(Uou.pbu.  (After  Biiuchii.) 

as  the  latter  prepares  to  multiply 

by  division,  very  peculiar  and  very  complex  changes  in  the  structure 
of  the  nuclear  substance  appear ;  these  will  be  considered  in  detail 
in  another  chapter. 


C,    THE    PHYSICAL   PROPERTIES   OF    LIVING    SUBSTASCE 

1.   The  Consistenci/  of  Livini)  Substance 

Although  the  earlier  investigators  of  the  cell, such  as  Schleiden, 
Mohl  and  others,  as  the  result  of  direct  observation,  considered 
the  contents  of  the  cell  to  be  liquid,  and  compared  its  con- 
sistency with  that  of  slime,  later  the  idea  found  wide  accept- 
ance that  protoplasm  is  at  bottom  a  solid  substance.  This 
idea  arose  from  purely  theoretical  considerations.  Brlicke  ('61), 
especially,  thought  that  the  cell-contents  cannot  be  liquid,  for  the 
reason  that  vital  phenomena  cannot  possibly  be  associated  with  a 
liquid  substratum,  but  presuppose  a  definite  organisation,  and  the 
latterisnot  compatible  with  the  nature  of  a  liquid.  BrUcke'sview 
soon  obtained  many  adherents,  and  appeared  to  be  supported  par- 
ticularly by  the  theory  of  the  reticular  structure  of  protoplasm,  as 
maintained  by  Frommann  and  Heitzinann.  Itwasbeiieved  that  the 
solid  supporting -structure,  with  the  organisation  of  which  vital 
phenomena  are  associated,  was  represented  by  the  network.  It 
turned  out,  however,  that  the  supposed  reticular  structure  is 
optical  delusion,  and  thus  this  basis  for  the  view  of  the  solid 
■consistency  of  protoplasm  has  been  taken  away.  In  reality,  with 
"le  present  methods  of  miei-oscopic  investigation,  only  a  strong 
■ejudice  in  favour  of  other  and  untenable  theories  can  overlook 
.e  fact  that,  with  the  exception  of  individual  differentiations  in 
:rtain  cells,  protoplasm  behaves  physically  like  a  liquid. 
The  idea  that  vital  phenomena  cnn  be  iissociated  with  a  solid 
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Substratum  only  is  not  only  unjustified,  but  even  untenable.     Xot 

only    is    it  unaupported  on  any  acceptable  ground,  but  it   even 

Contradicts   factM  that  may  easily  be  obstned.     E.g.,  it   is  quite 

iwipoBsible  to  understand  howprotoDlasm  in  the  more  or  less  stiff 

condition  of  a  framework  or  networK  can  be  capable  of  streaming 

0,nd  flowing,  as  can  be  observed  so  easily  in  certain  plant-cells  ana 

in  ATiuxhn.     It  is  impossible  for  a  solid  network  to  flow  in  such  a 

manner  that  the  individual  particles  of  its  mass  mix  continually 

with  one  another,  as  may  be  seen  so  clearly  in  Amaba.     If  at  first 

night  the  theorj-  of  the  solid  consistency  may  not  be  incompatible 

with  the  behaviour  of  celb  that   possess  a  constant  form,  it  is 

absolutely  so  with  the  phenomena  exhibited  by  naked  protoplasmic 


Hence    various  investigators,    especially    Berthold    ('86)    and 
BUtschli  {'92,  1),  have  recently  defended  strongly  the  idea  of  the 


Fia-  JM. — a,  KdHf^fHa  tub*  ciit  DpcD  At  CheupfMreDd  ;  tbe  protopUnu  lAflowtOff  out  iwd  tftkloff 
tha  lona  of  globula.  {After  Pfsffar.)  i,  Amaba-oM  wnUliiliig  %  pak  ncuole  ud  nrtoiu 
un&U  fat-dn^latfl. 

liquid  nature  of  the  cell-contents,  and  no  investigator  who  is 
^miliar  with  the  phenomena  need  hesitate  to  accept  this  view. 
Observation  of  a  few  facts  is  convincing  of  its  truth. 

The  phenojiuna  of  movement,  already  mentioned,  are  the  strongest 
proof  of  the  liquid  nature  of  protoplasm.  In  the  protuplasmic 
strands  of  plant-cells  and  in  the  pseudopodia  of  Bhizopoda  the 
living-  substonce  may  be  seen  flowing  like  the  water  of  a  quiet 
stream,  now  slower,  now  faster,  and  in  different  places  at  unequal 
rates,  so  that,  as  can  be  observed  easily  in  the  constituents  enclosed 
within  the  ground-mass,  the  granules,  fat-droplets,  etc,  the  particles 
continually  mingle  with  one  another.  How  would  it  be  possible 
for  a,  stiff  ground -mass  to  flow  like  water  in  a  stream  ? 

Another  thing  that  throws  tight  upon  the  liquid  consistency  of 

protoplasm  is  the  fact  that  protoplasmic  masses,  when  oozing  out 

of  the  cell  after  its  walls  have  been  crushed  or  cut,  form  drops  aiid 

The    formation   of   such   drops   and   globules   can   be 

«iy  beautifully  in  the  protoplasm  of  the  alga  Vatickeria 
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J(Fig.  34.  a).  They  can  be  observed  also  in  the  streaming  proto- 
f  plasmic  strands  of  the  uninjured  plant-cell,  when  the  electric 
current  is  sent  through  thera.  The  protoplasm  then  collects  at 
once  into  globules  and  small  spindle-shaped  masses,  which,  if  the 
current  be  interrupted,  become  again  extended  and  united,  their 
substance  flowing  on  (Fig,  35). 
The  same  can  be  seen  in  the 
pseudopodial  Hlaments  of  many 
_  marine  Rhizopoda  upon  shaking 
them  strongly  or  continually 
|i<Fig.  36),  and  likewise  in  many 
ither  objects. 

A  third  phenomenon  that 
points  to  the  liquid  consistency 
'  protoplasm,  and  one  that  can 
observed  in  very  different 
lis  of  cells,  is  the  asswn-ption 
fij^  tha  fflobuU-  or  drt^shape  by 
rumuiations  of  liquid  enclosed 
thin  the  proloplaxta,  such  as 
ilhe  su-called  vacuole^,  and  the 
it-  and  oil-droplets,  which  ap- 
,i>ear  here  and  there,  increase  m 
'  !e,  and  under  certain  circum- 
ices  disappear  (Fig.  34,  b), 
TVere  the  ground-mass  of  pro- 
toplasm stiff,  it  would  be  incom- 
prehensible that  these  droplets 
of  liquid  of  very  different  sizes 
^ways  assume  the  spherical  form 
id  preserve  it  during  their 
^  as  oil-droplets  do.     In 

Buch  cases  a  spherical  form  is 
mechanically  possible  only  when 
the  surroundmg  medium  exer- 
cises upon  all  sides  equal  pres- 
sures and  yields  equally,  i.e., 
when  it  is  itself  a  liquid. 

Innumerable  phenomena  of  this  kind  may  be  cited,  which  are 
compatible  only  with  the  liquid  nature  of  protoplasm.  But  those 
aentioned  suffice  completely  to  show  that  vita!  phenomena  can 
rery  well  be  associated  with  a  liquid  substratum.  Of  course  the 
Iquid  and  the  solid  conditions  of  a  body  cannot  be  separated  from 
ne  another  by  a  sharj)  limit,  but  are  united  by  imperceptible 
transitions.  According  to  our  present  physical  ideas  the  difference 
between  the  gaseous,  liquid  and  solid  conditions  of  a  body  depends 
jlely  upon  the  fact  that  in  the  first  the  molecules  are  in  rapid 
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motion,  in  the  second  they  are  moving  somewhat  more  slowly,  and 
in  the  last  still  more  slowly.  Since,  therefore,  only  a  gradual 
difference  exists,  it  is  impossible  to  establish  a  shaip  limit.  In 
living  substance  also  there  are  different  grades  of  mobility  among 
the  particles,  i.e.,  in  one  case  the  substance  is  like  thin,  in  another 
case  like  thick  liquid.  In  general,  it  possesses  the  consistency  and 
mobility  of  raw  white  of  egg,  but  it  may  be  firmer,  and  certain 
constant  differentiations  of  protoplasm  may  possess  even  the  con- 
sistency of  a  soft  jelly  approximating  a  solid  condition,  without 
losing,  however,  the  power  of  shifting  its  particles.  Such  a.  condi- 
tion exists  in  muscle-fibres,  fiagella,  cilia,  the  nucleus,  and  upon 
the  surface  of  many  protoplasmic  masses  that  do  not  possess  a 
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membrane,  such  as  infusorian  cells.  The  term  solid  is  applicable 
to  such  cases  only,  if  at  all.  But  these  cases  of  a  more  viscous  con- 
sistency are  always  locally  restricted  within  the  ceil ;  the  rest  of 
the  cell-contents  is  always  a  thinner  liquid. 

Finally,  it  should  not  be  forgotten  that  within  the  liquid  there 
may  be  deposited  all  sorts  of  solid  elements  of  very  various  con- 
sistencies, and  that,  therefore,  the  whole  constitutes,  not  a  homo- 
Sineous  liquid,  but  a  mixture,  or,  as  Berthold  terms  it,  an  emulsion, 
or  this  reason  it  appears  inadmissible  to  speak  of  an  "  aggregate 
condition  "  of  protoplasm,  as  many  observers  do.  Strictly  speaking, 
the  term  "aggregate  condition  "  can  apply  only  to  a  homogL-neous 
substance,  not  to  a  mixtun'  containing  substances  that  posse-^s  in 
themselves  very  various  aggregate  conditions. 
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The  liquid  nature  of  living  substance  is  its  most  important 
Ijhysical  characteristic.  It  requires  that  in  its  ph^dcal  relations 
living  substance  must  obey  the  laws  of  liquids.  Accordingly,  and 
in  opposition  to  the  idea  that  vital  phenomena  are  associated  only 
with  a  solid  organisation,  it  will  be  seen  that  such  phenomena  may 
be  understood  only  upon  the  supposition  that  their  substratum  is  in 
a  condition  in  which  the  particles  are  more  or  less  capable  of 
shifting.  The  structures  that  have  a  rigid  consistency,  like 
tendons,  connective-tissue  fibres,  cell-membranes,  and  the  ground- 
substance  of  bone  and  of  cartilage,  show  no  active  vital 
phenomena,  and  the  old  dictum,  "  Cot-pora  iwn  agunt  nisi  aolvta," 
although  its  universality  may  be  attacked  here  and  there,  applies 
perfectly  to  living  substance. 


2.    3'he  Specific  Gravitij  of  Lidng  Substance 

Among  the  physical  praperties  of  living  substance  its  specific 
"gravity  possesses  an  important  value  for  the  understanding  of 
certain  vital  phenomena.  If  cells  of  different  kinds  or  pieces  of 
tissue  as  pure  as  possible  be  allowed  to  fall  into  distilled  watei',  it 
is  observed  that  usually  they  sink  to  the  bottom.  It  Ibllowe, 
therefore,  that  the  cell-contents,  as  a  whole,  is  in  general  heavier 
thsin  water,  i.e.,  possesses  a  specific  gravity  greater  than  1,  Very 
recently  Jensen  ('93,  1)  has  made  a  careful  determination  of  the 
specific  gravity  of  the  one-celled  ciliate  infusorian,  Paramcedum 
auTtlia,  in  the  following  manner.  It  is  well  known  that  the 
specific  gravity  of  a  liquid  can  be  raised  by  the  addition  of  soluble 
salts,  and  can  be  graduated  very  finely  by  increase  of  the  concentra- 
tion. Jensen  placed  I'anima:da  in  a  weak  solution  of  potassium 
carbonate,  the  strength  of  which  he  raised  until  they  no  longer 
sank  to  the  bottom,  but  remained  suspended  in  the  solution— a  sign 
that  the  solution  possessed  the  same  specific  gravity  as  the  bodies 
of  the  ParaiTKecia.  Then  the  specific  gravity  of  the  solution  was 
determined  by  means  of  an  areometer.  It  was  thus  found  that 
the  cell-body  of  Parammcium  possesses  a  specific  gravity  of 
approximately  125.  In  general,  the  specific  gravity  of  living 
substance  camiot  be  much  greater  than  this.  So  far  as  our 
knowledge  at  present  extends,  it  is  always  a  little  greater  than  1. 

But  there  are  certain  cases  in  which  the  aggregate  weight  of 
the  cell  deviates  from  this  general  principle,  in  which  the  specific 
gravity  of  the  cell  as  a  whole  is  less  than  1.  These  cases  can  be 
understood  at  once,  if  it  is  recalled  that  protoplasm  is  not  a  homo- 
geneous substance.     E.g.,  in  the  case  of  cells  m  which  fat-droplets 

I  are  stored  in  the  ground -substance  of  the  protoplasm  it  is  possible 
that,  although  the  ground-substance  is  heavier  tnan  water,  the  cell 
as  a  whole  possesses  a  less  specific  gravity,  since  the  accumulation 

I  of  fat,  whicli  is  considerably  lighter  than  water,  reaches  such  i 
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extent  that  it  overcomes  the  weight  of  the  rest  of  the  protoplasmic 
body.  Such  cases  are  realised  in  the  fat-cells  of  the  subcutaneous 
connective  tissue  in  man  and  many  animals;  if  such  tissue  be 
thrown  into  water,  it  floats  upon  the  surfieuie.  For  this  reason  fleshy 
men,  in  swimming,  have  to  make  less  effort  to  maintain  themselves 
above  the  water  than  thinner  persons.  Other  substances  in  the 
cell-body  can  play  the  same  rdle  as  fat,  particularly  bubbles  of  gas, 
which  under  certain  circumstances  can  lower  the  specific  gravity 
of  the  whole  body  of  the  cell  enormously — a  phenomenon  that 
occurs  in  many  shell-bearing  fresh-water  Bhizopoda  {Arcella, 
Dijfflugia), 

It  follows  from  this  fact  that  by  the  accumulation  of  lighter  or 
heavier  substances  the  cell  under  certain  circumstances  can 
actively  diminish  or  increase  its  specific  gravity,  and,  therefore, 
can  actively  rise  or  sink  in  water  without  employing  locomotive 
organs.  Under  many  conditions,  e.g.,  when  the  vital  conditions 
become  unfavourable  in  the  place  where  the  organism  lives,  such  a 
power  is  of  great  importance  for  the  life  of  the  organism.  In  all 
cases,  however,  where  cells  are  found  that  are  lighter  than  water, 
certain  elements  only  are  lighter,  the  whole  protoplasm  never. 
The  ground-mass  of  the  protoplasm  appears  always  to  be  slightly 
heavier  than  water. 

3.    The  Optical  Properties  of  Living  Substance 

In  most  cases  protoplasm  is  entirely  colourless  or  grey ;  in 
thin  layers  free  from  solid  contents  it  is  transparent,  in  thick  layers 
opaque.     It  refracts  light  somewhat  more  strongly  than  water. 

Kb  regards  details,  the  various  forms  of  living  substance  behave 
diflferently  according  to  the  condition  of  their  constituents.  Some 
solid  elements,  such  as  fat-droplets,  drops  of  water,  and  chlorophyll 
grains,  can  be  intensely  coloured,  so  that  the  cells  in  which  they 
are  present  in  great  quantities  appear  yellow,  red,  green,  etc.,  as, 
e.g.y  m  plant  tissues.  The  power  of  refracting  light  also  differs 
with  the  individual  constituents,  that  of  water-droplets  in  the 
vacuoles  is  less,  that  of  fat-droplets  greater  than  that  of  the 
^ound-substance.  It  would  carry  us  too  far  to  examine  all  the 
individual  cases,  but  it  is  of  interest  to  consider  somewhat  in 
detail  the  behaviour  of  one  form  of  living  substance,  viz.,  the 
so-called  contractile  substance,  i.e.,  amoeboid  protoplasm,  cilia,  and 
muscle-fibres,  which  execute  definite  changes  of  form,  called 
contractions. 

In  the  first  half  of  the  century  Boeck  found  that  certain 
elements  of  the  cross-striated  muscle-fibre  are  doubly  refractive, 
i.e.,  are  able  to  divide  a  ray  of  light  into  two  rays,  which  are 
transmitted  with  different  velocities.  Later,  Briicke,  especially, 
investigated  this  property  in  detail.     Still  later,  Engelmann  (75) 
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observed  that  not  only  the  discs  of  cross-striated  muscle,  but  in 
general  all  fibrous  contractile  substances,  such  as  those  of  smooth 
and  cross-striated  muscle-cells,  the  contractile  fibres  or  myoids  of 
the  infusorinn  body,  and  the  cilia  and  fiagella  of  all  ciliated  cells, 
exhibit  positive  uniaxial  double  reflection,  in  such  a  way  that  their 
optical  axis  coincides  with  the  direction  of  the  fibres.  This  lact 
indicates  that  the  molecular  structure  of  all  these  fibrous  tissues 
must  be  different  in  the  direction  of  the  fibres  from  that  in 
other  directions — an  inference  that  is  important  Ibr  the  under- 
standing of  the  phenomena  of  contraction  in  these  objects. 
Engelmann  has  not  been  able  to  find  double  refraction  in  the 
naked  contractile  protoplasm  of  Rkizopoda,  e.g.,  Amceba.  He  ob- 
served it  only  in  the  straight,  radiating  pseudopodia  of  Aclino- 
ephfcriHm  Eickhoniii,  a  delicate  fresh-water  rhizopod;  but  here  it 
belonged  moat  pi-obably,  not  to  the  contractile  protoplasm,  but 
to  the  stiff  rays  that  occur  as  supporting-organs  in  the  axis  of 
the  pseudopodia,  and  apparently  have  nothing  to  do  with  the 
contraction. 


D.    THE   CHEMICAL   PIlOl'EUTIES  OF   LIVING   SUttSTANCE 


1.   The  Orgni 


Of  all  the  natural  sciences,  chemistrj-,  in  dealing  with  the  atoms, 
penetrates  deepest  into  the  composition  of  the  physical  world.  It 
must  hence  be  employed  in  elucidating  the  composition  of  living 
substance,  and  thereby  completing  the  preparation  for  an  under- 
standing of  vital  phenomena.  It  is  well  known  that  chemistry  has 
arrived  at  the  point  at  which  it  recognises  the  vast  variety  of 
substances  in  the  physical  world  to  be  composed  of  the  atoms  of  a 
small  number  of  relatively  simple  substances,  which  thus  far  it  has 
not  succeeded  in  decomposing.  But,  although  by  means  of  its 
analytical  methods  the  division  of  the  sixty-eight  chemical 
elements  has  so  far  not  been  accomplished,  and  tneir  composi- 
tion out  of  still  simpler  substances  cannot  yet  be  proved  ex- 
perimentally, no  chemist  entertains  longer  any  doubt  that  in 
reality  these  elements  are  not  final  units.  Accordingly,  many 
attempts  have  been  made  to  arrange  them  in  a  genetic  relation 
to  one  another,  and  to  establish  the  relationship  that  is  expressed 
in  the  analogies  of  the  chemical  behaviour  of  individual  elements 
and  their  compounds,  as  a  natural  relationship  arising  by  the 
direct  derivation  of  one  from  another.  Especially  Mendelejeff, 
Lothar  Meyer,  and,  most  recently.  Gustav  Wendt  and  Preyer, 
arguing  chietly  from  the  relations  of  the  atomic  weights  of  the 
elements  and  the  similarity  of  certain  elements  as  regards  theii- 
own  behaviour  towards  one  another  and  the  behaviour  of  their 
compounds,  have  attempted  this  with  success;  the  result  isf 
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by  the  subsequent  discovery  of  previously  unknown  elements, 
whose  existence  they  had  predicted  from  certain  gaps  existing  in 
the  genealogical  table  of  the  elements.  AccoiSing  to  Wendt 
('91)  and  Preyer  ('92),  the  elements  have  been  developed  in 
the  course  of  the  earth's  history  by  gradual  condensation  from  a 

t)rimitive  element,  hydrogen,  in  such  a  way  that  those  having  a 
dgher  atomic  weight  have  been  derived  from  those  having  a  lower 
one;  finally,  all  have  been  derived  from  hydrogen,  the  element 
possessing  the  lowest  atomic  weight.  But  here  scientific  theory 
ceases  and  hypothesis  begins.  Whether  hydrogen  is  really  the 
ultimate  unit,  and  in  what  relation  its  atoms  stand  as  ponderable 
or  mass-atoms  to  the  imponderable  universal  ether,  the  existence 
of  which  physics  finds  it  necessary  to  assume  from  the  phenomena 
of  light  and  electricity,  for  the  present  is  not  known. 

But  if  we  confine  ourselves  to  ponderable  matter,  to  which 
living  substance,  like  all  other  bodies,  belongs,  chemical  analysis 
shows  that  of  the  sixty-eight  elements  of  which  the  physical  world 
consists,  twelve  only  are  found  constantly  in  livmg  substance. 
These  twelve  elements  which  occur  in  every  cell  are : — 

Name.  S^inbol.  Atomic  Weight. 

Carbon C     12 

Nitrogen N    14 

Sulnhur   S     32 

H}-arogen    H    1 

Oxygen    O    16 

Phosphorus P' 31 

Chlorine  CI   35 

Potassium    K    39 

Sodium    Na 23 

Magnesium Mg 24 

Culcium  Ca  40 

Inm Fe  56 

Besides  these  twelve  general  organic  elements,  a  small  number 
of  special  elements  occur  which  are  not  met  with  in  all  cells,  and 
some  of  which  are  found  only  very  sporadically.     These  are : — 

Name.  SymboL  Atomic  Weight. 

Siliov>n Si    28 

Fluorine  Fl    19 

BriMuino  Br   80 

Ii^lino I      127 

Aluminium Al   27 

Mani:^\nese  Mn 55 

Among  those,  silic\>n  is  wide-spread  and  fluorine  is  infrequent, 
while  the  others,  which  likewise  have  a  ver\*  limited  occurrence. 
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and  certain  metals,  such  as  copper,  which  are  occasionally  found  in 
traces  in  living  substance,  perhaps  possess  no  importance  at  all  for 
the  vital  processes  of  the  organisms  in  which  they  have  be«u 
observed. 

But  no  one  of  all  these  organic  elements  is  limited  exclusively 
to  organic  nature. 

Carbon  occurs  in  the  air,  combined  with  oxygen,  as  carbonic 
acid,  and  in  large  masses  in  the  calcium  carbonate  of  sedimentary 
rocks. 

Hydrogen,  likewise  combined  with  oxygen,  as  water,  covers  the 
greater  part  of  the  earth's  surface. 

Oxygen  occurs  both  free  as  a  gas  in  the  atmospheric  air,  of 
which  it  constitutes  about  21  per  cent.,  and  also  combined  with  a 
large  number  of  other  elements. 

Nitrogen  occurs  likewise  both  in  the  free  state  in  the  air,  com- 
prising about  79  per  cent.,  and  also  combined  with  hydrogen  and 
oxygen  in  the  compounds  of  ammonia,  both  ammonium  nitrate 
and  nitric  acid. 

Sulphur  is  wide-spread  in  combination  with  oxygen  in  sulphates. 
Pho^htynia  behaves  similarly,  and  is  to  be  found  everywhere  in 
the  phosphates  of  the  alkalies  and  the  alkaKne  earths. 

Chlorine  is  very  widely  distributed,  combined  with  sodium,  as 
common  salt. 

Polassium  occurs  in  combination  with  chlorine  as  potassium 
chloride,  and  with  acids  as  nitrates,  sulphates,  and  phosphates, 

Sodium,  chiefly  in  the  form  of  sodium  chloride  or  common  salt, 
is  found  everywhere  on  the  surfiice  of  the  earth;  it  is  in  solution 
in  the  sea,  in  the  earth,  and  forms  large  solid  masses  in  salt  strata. 
Magnesium  is  a  constant  accompaniment  of  *  potassium  and 
sodium,  and  is  similarly  combined,  occurring  as  magnesium  chloride, 
carbonate,  sulphate,  and  phosphate. 

Calcium,  in  the  form  of  calcium  carbonate,  silicate,  sulphate, 
and  phosphate,  occurs  in  the  vast  limestone  strata  of  the  sedi- 
mentary rocks. 

Iron  is  very  wide-spread  over  the  earth's  surface  in  the  form 
of  sulphur  compounds,  oxides  and  their  salts. 

Silicon  appears  almost  exclusively  combined  with  oxygen  in  the 
form  of  silicic  acid  and  its  salts  in  igneous  rocks. 

Muorine  occurs  chiefly  in  combination  with  calcium  as  fluor 
spar. 

Bromitte  and  iodine  are  present  in  many  salt  strata,  as  well  as 
in  sea-water,  as  sodium  bromide  (iodide),  and  potassium  bromide 
(iodide). 

Aluminium  is  spread  over  the  whole  earth  in  combination  with 
oxygen  as  clay,  and  in  the  latter  form,  combined  with  silicic  acid, 
as  feldspar. 

Manganese  and  all  the  other  metals  that  arc  obs^erved  occasionally 
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here  and  there  in  the  living  organism  are  met  with  everywhere  in 
rocks  in  the  form  of  their  oxides,  sulphur  compounds,  and  various 
salts. 

This  survey  shows  that  all  organic  elements  help  at  the  same 
time  to  constitute  the  inorganic  portion  of  the  earth's  surface. 
Since,  moreover,  chemical  analysis  of  living  substance  has  shown 
that  no  constituents  but  these  organic  elements  are  to  be  found 
in  the  organism,  the  important  fact  follows  that  an  elementary 
vital  substance  exists  no  more  than  a  specific  vital  force.  The 
conceptions  of  a  "  vital  ether,"  a  "  apiritus  animalis''  a  "  vital 
matter,"  etc.,  with  which  the  earlier  physiology  so  freely  dealt, 
have,  therefore,  in  harmony  with  the  advanced  development  which 
analytical  chemistry  has  undergone  at  the  present  time,  com- 
pletely disappeared  from  the  present  theory  of  life;  living 
substance  is  composed  of  no  diflferent  chemical  materials  from 
those  occurring  within  lifeless  bodies. 

Nevertheless,  one  fact  deserves  mention,  viz.,  that  the  few  general 
organic  elements  are  not  scattered  irregularly  here  and  there 
through  the  natural  system  of  elements,  but  they  occupy  a  definite 
position,  being  remarkable  as  elements  having  very  low  atomic 
weights.  Hence  the  conclusion  may  with  great  probability  be 
drawn  that  in  the  evolution  of  the  elements  the  organic  elements 
arose  by  condensation  very  early,  and  therefore  existed  in  the  very 
early  stages  of  the  development  of  our  planetary  system,  at  a  time 
when  other  elements,  such  as  the  heavy  metals,  had  not  yet  been 
formed. 


2,  The  Chemical  Campounds  of  the  Cell 

Living  substance  must  be  killed  before  its  chemical  composition 
can  be  learned.  Paradoxical  as  this  may  sound,  at  present  it  is 
the  only  way  by  which  a  knowledge  of  the  chemistry  of  living  sub- 
stance can  be  obtained.  The  bitmg  sarcasm  that  Mephistopheles 
pours  out  before  the  scholar  upon  this  practice  of  physiological 
chemistry  must  be  quietly  endured.  It  is  not  possible  to  apply 
the  methods  of  chemistry  to  living  substance  without  killing  it. 
Every  chemical  reagent  that  comes  in  contact  with  it  disturbs  it 
and  changes  it,  and  what  is  left  for  investigation  is  no  longer 
living  substance,  but  a  corpse — a  substance  that  has  wholly 
different  properties.  Hence  ideas  upon  the  chemistrj'  of  the 
living  object  can  be  obtained  only  by  deductions  from  chemical 
discoveries  in  the  dead  object,  deductions  the  correctness  of  which 
can  be  proved  experimentally  in  the  living  object  only  in  rare 
cases.  This  alone  is  responsible  for  the  excessively  slow  advance 
of  the  knowledge  of  the  chemistry  of  the  vital  process.  It  is  evident 
that  the  greatest  foresight  is  necessary  in  applying  results  obtained 
upon  the  dead  object  to  conditions  in  the  living,  and  it  must  con- 
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stantly  be  borne  in  mind  that  the  chemical  relations  of  the  latter 
are  to  be  distinguished  sharply  from  those  of  the  former. 

Although  there  is  no  fundamental  difference  between  the  ele- 
ments composing  living  and  those  composing  lifeless  substance,  in 
other  words,  although  no  special  vital  element  exists  in  the  organic 
world,  some  of  the  elements  in  living  substance  form  unique  com- 
pounds which  characterise  it  only,  and  are  never  found  in  lifeless 
substance.  Thus,  there  exist  in  the  former,  besides  chemical 
compounds  that  occur  also  in  the  latter,  specific  organic  complexes 
of  atoms. 

Many  of  these  organic  compounds,  especially  those  that  are  of 
special  importance  to  living  substance,  possess  so  complicated  a 
constitution  that  thus  far  chemistry  has  not  succeeded  in  obtain- 
ing an  insight  into  the  spatial  relations  of  the  atoms  in  their 
molecules,  although  the  percentage  composition  of  the  molecules 
is  known  to  a  greater  extent. 

There  are  especially  three  chief  groups  of  chemical  bodies  and 
their  transformation-products,  by  the  presence  of  which  living  sub- 
stance is  distinguished  from  lifeless  substance ;  these  are  proteide, 
fals,  and  carbohydrates.  Of  these  only  the  proteids  and  their  deri- 
vatives have  been  demonstrated  with  certainty  as  common  to  alt 
cells ;  hence  they  must  be  set  apart  among  the  organic  constitu- 
ents of  living  matter  as  the  essential  or  general  substances,  in 
contrast  to  all  special  substances. 


(I.  Proteids 

The  proteids  play  the  most  important  rdle  in  the  composition 
of  living  substance,  since  they  are  absolutely  indispensable  to  all 
life  that  exists  at  present  upon  the  surface  of  the  earth,  and  quan- 
titatively they  constitute  the  chief  constituent  of  all  the  organic 
compounds  of  the  cell.  Without  exception  they  consist  of  the 
elements  carbon,  hydrogen,  sulphur,  nitrogen,  and  oxygen ;  of 
these,  nitrogen  especially  distinguishes  proteids  from  the  two  other 
chief  groups  of  organic  bodies,  carbohydrates  and  fats,  so  that  the 
former,  as  nitrogenous  bodies,  are  to  be  contrasted  with  the  latter 
two  as  non- nitrogenous.  The  stereo-chemical  composition  of  the 
proteid  molecule  is  not  yet  known,  but  from  analyses,  in  which  the 
molecule  is  split  up  into  a  large  number  of  still  very  complex 
molecules,  it  is  known  that  it  must  have  an  excessively  complex 
constitution ;  although  it  contains  only  the  five  elements  C,  H,  N,  S, 
and  O.  the  number  of  its  atoms  often  reaches  far  beyond  a  thou- 
sand. In  the  year  1868  Preyer  made  the  first  analysis  of 
htemoglobin,  the  proteid  that  gives  the  characteristic  colour  to 
the  blood,  more  exactly  to  the  red  corpuscles,  and,  as  a  carrier  of 
oxygen  from  the  lungs  through  the  blood  to  the  cells  of  the  tissues, 
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plays  an  extremely  important  role  in  the  animal  body.     Preyer 
found  the  composition  of  haemoglobin  to  be — 

Although  at  first  this  formula  caused  surprise,  a  number  of  later 
analyses  have  since  given  quite  similar  results.^ 

Thus,  according  to  Griiblers  investigations  ('81),  the  compo- 
sition of  the  crystallised  proteid  which  occurs  in  the  squash-seed 
may  be  estimated  as — 

^292-'-'-481'^  90^83^2* 

Zinoflfsky  ('85)  found  the  formula  of  haemoglobin  from  horse  s 
blood  even  still  larger  than  Preyer — 

^712*^1180^  214^245*^  ^^2' 

Similarly  complex  formulas  have  been  derived  for  the  proteid 
that  constitutes  the  white  of  the  hen's  egg.  From  all  these  analyses 
it  follows  that  because  of  the  mass  of  its  constituent  atoms  the 
proteid  molecule  must  be  enormous. 

The  great  size  of  the  molecule  explains  an  important  character- 
istic of  proteids,  viz.,  that,  in  contrast  to  other  bodies,  they  do  not 
diflfuse    from   solutions   through  animal   membranes  or  artificial 

parchment.  If  an  aqueous  solution 
of  common  salt  or  any  other  soluble 
salt  be  placed  in  a  wide  glass  tube, 
the  lower  end  of  which  is  closed  by 
a  membrane,  preferably  artificial 
parchment  (Fig.  37),  and  the  tube 
be  suspended  in  a  vessel  of  pure 
water,  it  is  found  after  a  short  time 
that  the  concentration  of  the  salt 
solution  in  the  inner  tube  has  de- 
creased considerably,  while  the  water 
in  the  outer  vessel  has  come  to  have 
an  equal  percentage  quantity  of  salt. 
Hence  salt  has  diffused  from  the 
tube  through  the  membrane  into 
the  outer  water  until  its  percent- 
age composition  has  become  equal 
in  the  two  liquids.  But  if  instead  of  the  solution  of  salt  a  solu- 
tion of  egg  albumin  be  employed,  which  can  be  obtained  by  rubbing 
up  thoroughly  the  white  of  a  hen's  egg  with  about  100  cubic  centi- 
metres of  water  and  filtering,  the  solution  can  be  allowed  to  stand 
in  the  dialyzer  (as  the  apparatus  is  called)  for  hours  and  days 
without  a  trace  of  albumin  diffusing  from  the  inner  tube  into  the 
outer  water.    This  phenomenon  may  be  explained  very  simply  from 

1  Of,  Bunge  ('94). 


Fio.  37.— Dialyzer. 
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the  size  of  the  albumin  molecule ;  the  latter  is  too  large  to  pass 
through  the  excessively  fine  pores  of  the  membrane,  while  no 
obstruction  stands  in  the  way  of  the  small  molecules  of  salt.  This 
property  is  of  practical  importance  in  the  chemical  investigation 
■of  proteida,  for  by  dialysis  trie  proteids  can  always  easily  be  sepa- 
rated from  the  salts  that  may  be  present  with  them  in  solution. 

The  fact  that  proteids  and  a  host  of  other  substances  which 
behave  similarly  do  not  diffuse  through  membranes,  has  led  to  the 
idea  that  these  bodies,  in  contrast  to  diffusible  substances,  dissolve 
in  water  only  apparently,  and  form  no  real  solutions ;  their  appa- 
rent solubility  may  be  only  a  largely  developed  power  of  swelling. 
Ppoteids  in  a  dry  state  are,  in  feet,  capable  of  taking  up  very  large 
quantities  of  water,  and  thereby  gradually  swelling.  In  1861 
Ciraham  contrasted  these  bodies  as  calloid  substances  from 
cri/aitiUoid  substances;  and  this  distinction  has  been  handed 
down  and  been  generally  accepted.  The  colloids  are  said  to  be 
capable  of  swelling  only,  not  of  crystallising ;  the  crystalloids,  on 
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(Aftor  kirliM.) 

the  other  hand,  to  be  really  soluble  and  capable  of  crystallisation. 
But  such  a  sharp  distinction  is  scarcely  admissible ;  for  in  the 
first  place,  pi-oteids  are  known  that  can  form  genuine  crystals,  like 
the  above-mentioned  proteids  in  squash-seeds,  which  occur  wide- 
spread in  plant  seeds  as  aleurone-grains,  and  like  the  haemoglobin 
of  the  red  btood-corpusclea.  If,  e.g.,  whipped  blood  from  the  guinea- 
pig  be  shaken  for  a  time  with  ether,  by  which  the  htemoglobin 
IS  extracted  Irom  the  substance  of  the  red  corpuscles  and  driven 
out  into  the  blood-serum,  and  a  drop  of  this  liquid  be  allowed 
slowly  to  evaporate  upon  a  glass  slide,  verj'  delicate  tetrahedral 
crystals  gradually  separate  (Fig.  38,  //),  which  consist  of  pure 
hsemoglobin.  In  the  second  place,  under  the  influence  of  certain 
reagents,  proteida  can  pass  over  into  modifications  that  diffuse 
through  membranes,  witnout  losing  in  the  process  the  chemical 
characteristics  of  proteida.  These  modifications,  which,  e.g.,  proteids 
undergo  in  the  body  under  the  influence  of  the  digestive  juices  of 
the  stomach  and  the  pancreas,  are  termed  peplones  :  it  is  kno 
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that  they  arise  by  the  hydrolytic  cleavage  of  the  original  proteid 
molecule,  so  that  the  peptones  represent  the  hydrates  of  the 
original  proteids.  Important  conclusions  follow  from  this  fact. 
Since  the  proteid  molecule,  which  was  originally  not  diffusible 
on  account  of  its  enormous  size,  is  split  up  in  the  peptonising 
process  into  the  peptone  molecules,  which  are  much  smaller  and 
therefore  diffusible,  but  which  have  the  chemical  characteristics  of 
proteids,  it  follows  that  the  proteid  molecule  is  not  simple  but 
poljoneric,  i.e.,  it  consists  of  a  chain-like  combination  of  manysimilar 
groups  of  atoms.  In  the  transition  to  the  peptone  condition  the 
proteid  molecule  is  broken  up  with  hydration  into  these  single, 
similar  atomic  groups,  all  of  which,  however,  have  the  chemical 
characteristics  of  proteids,  but  represent  much  smaller  molecules. 
The  inability  of  proteids  to  diffuse  through  membranes  depends, 
therefore,  solely  upon  their  polymerism.  Wholly  analogous  cases 
occur  in  inorganic  nature ;  e,g.,  certain  forms  of  silicic  acid  are 
unable  to  dififuse  through  membranes  because  of  their  polymerism. 
Hence  it  is  evident  that  no  fundamental  difference  exists  between 
solutions  of  simple  molecules,  as  found  in  peptones,  and  those  of 
poljoneric  molecules,  as  in  ordinar}'  albumin. 

A  further  physical  property,  which  is  perhaps  connected  with 
the  poljonerism  of  the  ordinary  proteid  molecule,  and  which  belongs 
to  almost  all  proteids  with  the  exception  of  their  hydrates,  the 
peptones,  is  their  capacity  of  clotting,  or  coagulating.  Coagula- 
tion consists  in  the  passing  of  the  substance  from  the  dissolved  to 
the  solid  condition  within  the  solvent  medium.  Boiling  is  a  method 
that  causes  coagulation  in  almost  all  proteids.  In  the  fresh  hen's 
egg  the  proteid  is  present  in  a  thick  clear  viscous  solution.  In 
the  boiled  egg  it  has  become  a  solid  white  opaque  mass ;  it  is  coagu- 
lated. By  boiling,  proteid  can  be  separated  out  of  thin  solutions  in 
the  form  of  fine  curdled  flakes.  Otner  methods,  such  as  the  use 
of  inorganic  acids  and  alcohol,  also  cause  proteid  in  solution  to 
be  coagulated  and  precipitated,  the  result  being  indicated  by  a 
clouding  of  the  liquid.  That  the  power  of  coagulation  is  in  some 
way  connected  with  polymerism  is  indicated  by  the  fact  that  in- 
organic polymeric  molecules,  such  as  the  above-mentioned  silicic 
acid,  in  aqueous  solution  can  likewise  be  coagulated  into  a  jelly. 
If,  e.g.,  hydrochloric  acid  be  added  to  a  solution  of  sodium  silicate, 
free  silicic  acid  and  sodium  chloride  are  produced  ;  the  silicic  acid 
may  then  be  separated  from  the  salt  by  dialysis,  since,  in  contrast 
to  the  salt,  the  former,  like  a  polymeric  body  possessing  very  large 
molecules,  does  not  diffuse  through  membranes.  By  the  addition 
of  a  few  bubbles  of  carbonic  acid  this  solution  of  silicic  acid  may 
be  changed  at  once  into  a  coagulated  jelly-like  mass.  Since  our 
knowledge  of  the  chemical  composition  of  proteids  is  at  present 
very  incomplete,  it  is  not  easy  to  produce  definite  chemical  reactions 
with  them.     Nevertheless,  a  number  of  tests  have  been  empirically 
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determined,  which  are  characteristic  for  proteids  and  in  doubtful 
cases  make  known  their  presence.  What  chemical  transformation 
the  proteid  molecule  undergoes  in  these  tests  is  of  course  prac- 
tically unknown.  The  best-known  tests  are  the  following,  any  one 
of  which  alone  is  not  sufficient  to  prove  with  absolute  certainty  the 
presence  of  albumin  : — 

1.  The  xanthoproteic  test  :  a  solution  of  proteid  is  coloured 

yellow  by  boiling  with  nitric  acid  ;  by  the  addition  of 
ammonia  the  colour  changes  to  orange. 

2.  The  hiuretiest :  if  a  solution  of  proteid  be  made  alkaline 

by  causic  potash  or  soda,  it  takes  on  in  the  cold,  by  the 
addition  of  a  drop  of  cupric  sulphate  solution,  a  clear 
violet  colour. 

3.  MillorCs  test :  coagulated  proteid,  boiled  for  a  time  with 

a  solution  of  mercuric  nitrate,  and  a  little  nitrous  acid, 
becomes  rose-red. 

4.  The  hydrochlo7*ic  acid  test :  boiling  with  concentrated 

hydrochloric  acid  dissolves  coagulated  proteids  and 
colours  the  clear  liquid  violet. 

5.  The  potassium  fenvcyanide  test:  a  solution  of  proteid  to 

which  acetic  acid  has  been  added  shows  by  the  addition 
of  a  solution  of  potassium  ferrocyanide  a  white  cloudiness. 

6.  The  iodine  test  :  the  addition  of  tincture  of  iodine,  or  a 

solution  of  iodine  in  potassium  iodide,  serves  as  a  good 
microscopic  method  for  recognising  proteids  ;  the  clot 
becomes  yellowish-brown. 

Besides  these  tests,  a  great  number  of  others  have  been  sug- 
gested by  diflferent  investigators,  but  they  fail  in  individual  cases. 

According  to  their  different  solubilities  in  water,  three  groups  may 
be  distinguished  among  the  simple  proteids — viz.,  the  albumins, 
the  glohtdins,  and  the  vitetlins} 

The  albumins  are  directly  soluble  in  pure  water.  To  them  be- 
long egg-albumin,  which  forms  the  great  mass  of  the  white  of  eggs ; 
serum-albumin,  an  albuminous  body  contained  in  blood-serum ; 
muscle-albumin,  the  proteid  of  muscle-cells,  soluble  in  water ;  and 
plant-albumin,  which  is  dissolved  in  the  sap  of  plant-cells. 

The  globulins  are  soluble  in  water  only  when  it  contains  neu- 
tral salts,  but  in  less  quantity  than  in  saturation.  If  a  solution  of 
globulin  be  saturated  with  salts,  the  globulin  is  precipitated  in  a 
fiocculent  mass — a  phenomenon  that  is  termed  "  salting  out."  The 
globulin  is  likewise  precipitated  if  the  solution  be  wholly  freed 
from  salts  by  diffusion  in  a  dialyzer.  To  the  globulins  belong 
serum-globulin,  which  is  dissolved  in  the  blood-serum ;  fibrinogen, 
also  a  proteid  of  blood,  which  coagulates  spontaneously  into  flakes 
and  threads  of  fibrin  when  the  blood  is  allowed  to  stand  outside 
the  blood-vessels ;  myosin,  the  globulin  of  muscle,  which  likewise 

•  Neumeister  ('93}. 
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coagulates  spontaneously  upon  standing — a  phenointnon  that 
appears  in  dying  muscle  in  i-igor  viortU  ;  and,  finally,  plant- 
globulin,  which  gives  to  kernels  of  grain  their  glutinous  quality, 
and  hence  has  been  terme<t  glutin. 

The  vitdlins  are  likewise  soluble  in  neutral  salt  solutions  only, 
but,  in  contrast  to  the  globulins,  they  are  not  precipitated  by  satura- 
tion of  the  solution  witn  salts.  Among  thom  are  the  so-called  yolk- 
plates  of  the  yolk  of  eggs,  and  the  already-mentioned  alourone 
grains  of  plant  seeds,  both  of  which  are  proteids  capable  of  crystal- 
lization, 

The  above-mentioned  proteids  occur  in  a  free  state  in  living 
substance.  A  very  large  number  of  proteids,  however,  are  not  free, 
but  are  chemically  combined  with  other  substances.  In  these  com- 
pounds, which  have  been  termed  eombined  proteids  in  distinction 
from  the  simple  proteids,  the  proteid  molecule  behaves  in  general 
like  a  feeble  acid,  and  by  the  addition  of  stronger  actds  it  can 
frequently  be  forced  out  of  its  compounds,' the  stronger  acid  taking 
its  place.  The  proteid  then  becomes  free,  We  have  already  become 
acquainted  ^vitn  one  of  these  compounds,  hEemoglobin,  which  plays 
in  blood  so  important  a  rdk  and  is  a  compound  of  proteid  and  iron. 
But  the  most  important  compounds,  in  which  proteids  appear  with- 
<)ut  exception  in  every  cell,  are  the  nudeiTts.  The  nucleins,  as 
Altmann  ('89)  has  shown, are  compounds  of  proteid  with  nucleic  acid, 
an  acid  which  is  itself  a  compound  of  phosphoric  acid  with  peculiar 
basic  bodies,  the  ao-called  nuclein  bases — guanin,  adenin,  xanthin 
and  hypoxanthin.  The  nucleins  are  capable  of  entering  into 
further  combinations  with  a  second  proteid  molecule,  and  these  ex- 
tremely coniplex  compounds  are  termed  nucleo-proteids  or  nucleo- 
albuviint.  Casein,  a  body  which  for  a  long  time  has  presented 
difficulties  to  the  physiological  chemists,  is  such  a  nucleo-proteid, 
combined  with  calcium.  Casein  is  the  calcareous  nucleo-proteid 
of  milk  that  is  manufactured  into  cheese  :  it  has  the  peculiarity 
of  not  coagulating  when  the  milk  is  boiled,  while  it  is  immediately 
precipitated  when  separated,  as  by  acetic  acid,  from  the  calcium. 
A  fourth  group  of  combined  proteids  is  that  of  the  glyco-proteids,  in 
which  proteid  is  combined  with  a  carbohydrate ;  prominent  among 
these  is  mucin,  which  is  contained  in  the  cells  of  mucous  glands. 

Besides  the  genuine  proteids  which  we  have  just  described, 
there  exist  a  number  of  bodies  which  behave  in  many  ways 
similar  to  proteids  and,  therefore,  have  been  termed  albuminoids. 
The  group  of  albuminoids  is  a  true  amnium  gitthcntm  ;  it  contains 
a  very  large  variety  of  bodies.  These  are  partly  compounds  of  pro- 
teids and  partly  bodies  of  similar  constitution  to  the  proteid*,  but 
which  show  in  their  chemical  behaviour  much  less  similarity  and 
are  much  less  known  than  the  proteids  themselves.  Especially 
prominent  among  albuminoids  are  many  of  those  substances  that 
are  piwluced  by  cells  to  servo  as  skelutal  substances  for  the  support 
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i  the  more  delicate  parts  of  the  organism.    A  detailed  exjiinination 

K^  the  known  reactions  wliich  the  numerous  albuminoid  bodies 

present  would  lead  too  far  and  be  superfluous  for  our  purpose.^     It 

IS  sufficient  here  to  cite  some  of  the  most  important  members  of 

the  group,  all  of  which  occur  in  the  solid  undissolved  state.     Such 

re  keratin,  which  is  contained  in  most  homy  structures  produced 

jrtheepidennis-colls  of  the  skin  (horns,  hoo^,  hairs,  feathers,  and 

ails) ;    elastin.  which  composes  the  elastic  fibres  of  the  cells  of 

_(onnective  tissue  and  the  strong  yellow  ligavuiUuvi  nucha ;  eollaffen, 

trhich  composes  the  organic  ground-substance  of  bones  and  car- 

'lage,  and  in  boiling  passes  over  by  hydrolysis  into  gelatine ; 

_vngin,  the  skeletal  substance  of  bat h -sponges ;   amchtoHn,  the 

organic  substance  of  the  shells  of  mussels  and  snails ;  comein.  that 

of  the  skeletons  of  corals ;  and  many  other  substances  that  form 

skeletons,  especially  in  invertebrates. 

With  the  albuminoids  also  is  classed  a  series  of  highly  complex 
nitrogenous  bodies  which  at  least  are  derivatives  of  proteids  and 
possess  the  greatest  importance  in  the  life  of  the  organism, 
especially  in  digestion.  These  are  the  un/onned  ferments  or 
enzymes,  such  as  pepsin,  produced  by  the  gland-cells  of  the 
stomach ;  piyalin,  by  the  cells  of  the  pancreas  and  the  salivary 
glands ;  trypsin,  produced  likewise  by  the  pancreatic  celb :  and 
I  many  others.  The  properties  of  these  bodies  and  their  rdlcs  in 
ithe  life  of  the  cell  will  be  considered  more  fully  elsewhere. 

There  appear  in  living  substance,  as  constant  accompaniments  of 
MTOteids,  certain  decomposition-products  of  them  which  can  be 
livided  into  two  groups — the  nitrogenous  and  the  non-nitrogenous 
fUavage-products.  The  former  constitute  a  series  of  substances 
frhose  chemical  constitution  is  more  exactly  known.  They  are 
■  the  products  of  retrogressive  proteid- metamorphosis.  Among 
them  belong  especially  the  substances  excreted  in  considerable 
quantity  by  the  nigher  animals  in  the  urine.  Among  them  urea, 
(NHj)jCO,  holds  the  first  rank  ;  it  is  the  richest  in  nitrogen  of  all 

^the  nitrogenous  end-products  of  proteid -decomposition,  and  its 
(urtificial  synthesis  was  accomplished  by  Wohler  in  the  year  1828. 
Next  to  urea,  M)-ic  (wid,  CjHjNjO^,  contains  the  must  nitrogen; 
next  to  uric  acid  come  in  order  hippuric  acid,  creatin.  which 
originates  in  the  muscles  by  the  decomposition  of  proteid,  and 
crtatinin.  Further,  the  nuclein  bases,  xantkin,  hypoxanthiii  or 
sarkin,  adenin  and  guanin  are  met  with  as  end-products  of  the 
decomposition  of  nucleins  in  the  living  organism.  Of  these, 
especially  the  last  in  combination  with  calcium  occurs  very 
frequently  in  the  skin-cells  of  AviphHia  and  of  fishes,  in  the 
latter  of  which  its  crystals  produce  the  well-known  silvery  sheen. 
Finally,  there  is  one  more  group  of  nitrogenous  bodies,  the  lecUhins, 
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which  stand  near  the  fats,  but  contain  phosphorus ;  they  are  pro- 
bably present  in  every  living  cell  and,  according  to  Hoppe-Seyler, 
are  to  be  regarded  as  cleavage-products  of  proteids,  especially  of 
nucleins,  with  which  they  occur. 

Among  the  non-nitrogenous  end-products  of  proteid-decompo- 
sition  carbonic  acid,  which  is  produced  by  every  cell,  comes  first 
in  importance.  Lactic  add,  oxalic  acid,  and  sulphuric  acid  are  im- 
portant. The  cJiolesterins  also  are  to  be  regarded  at  least  as  deriva- 
tives of  proteids ;  they  seem  to  occur  in  all  living  substance,  but 
appear  in  great  quantity  only  under  certain  circumstances  in  the 
form  of  iridescent  scales,  as  upon  the  surfece  of  the  skin  and  the 
beak  of  birds,  and  in  pathological  conditions  as  gall-stones  in  the 
bile.  Chemically  the  cnolesterins  are  univalent  alcohols,  which  with 
fatty  acids  can  form  fat-like  compounds.  Finally,  there  appear  as 
decomposition-products  of  proteids  certain  carbohydrates,  particu- 
larly grape-sugar  and  glycogen,  and  fats,  which  must  be  considered 
somewhat  in  detail  in  connection  with  allied  substances. 

K  Carbohydrates 

In  contrast  to  its  presence  in  the  proteids,  nitrogen  is  wanting 
in  the  carbohydrates.  The  latter  contain  only  the  three  elements, 
carbon,  hydrogen  and  oxygen ;  in  the  natural  carbohydrates  the 
number  of  carbon  atoms  within  the  molecule  is  always  six  or  a 
multiple  of  six,  while  the  number  of  hydrogen  atoms  is  always 
double  that  of  the  atoms  of  oxygen  ;  hence  hydrogen  and  oxygen 
are  present  in  the  same  relative  proportions  as  in  water — a  fact 
which  led  to  the  designation  "  carbohydrates."  The  carbohydrates 
are  very  wide-spread  and  are  of  great  importance,  especially  in  the 
manufacture  of  living  substance  in  plant-cells;  but  there  are 
varieties  of  living  substance  in  which  they  cannot  be  demonstrated  ; 
in  other  words,  they  are  not  general  constituents  of  such  substance. 
They  present  far  simpler  chemical  relations  than  the  proteids,  and 
a  brief  glance  will  show  their  most  essential  features. 

The  natural  carbohydrates  may  be  divided  into  monosaccharids, 
disaccharids  and  polysaccharids,  of  which  the  two  latter  groups  are 
dififerent  anhydride  forms  of  the  first  group. 

The  monosaccharids  all  have  the  formula  CgHjgO^,  and  are,  there- 
fore, isomeric ;  but  they  are  not  all  stereo-isomenc,  that  is,  their 
individual  atoms  are  not  grouped  alike  in  all.  To  the  mono- 
saccharids belong  chiefly  grape-sugar  (dextrose  or  glucose)  SLudfruit- 
sugar  (laevulose),  both  of  which  are  wide-spread  in  plant  juices,  the 
former  in  great  quantity  also  in  animal  tissues.  One  of  the  most 
remarkable  characteristics  of  the  monosaccharids  is  that  they 
readily  take  up  oxygen  from  their  surroundings  and  thus  reduce 
bodies  that  are  rich  in  oxygen,  a  peculiarity  upon  which  depend 
the  most  important  tests  for   their  recognition.      The   most   re- 
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liable  of  these  reduction- tests  are  Trommer's  test  and  Bottger*s 
test.  They  may  be  performed  very  simply  in  a  test-tube.  The 
former  consists  in  the  reduction  of  cupric  hydroxide  to  cuprous 
oxide  by  an  alkaline  solution  of  grape-sugar.  If  a  few  drops  of  a 
very  dilute  solution  of  cupric  sulphate  be  added  to  a  sugar  solution, 
made  alkaline  by  caustic  potash  or  soda,  until  a  blue  flocculent  pre- 
cipitate of  cupric  hydroxide  appears,  on  boiling  the  latter  is  reduced 
to  red  cuprous  oxide  or  yellow  cuprous  hydroxide.  In  Bottger  s 
test  a  few  drops  of  a  solution  of  basic  nitrate  of  bismuth  is  added 
to  the  alkaline  solution  of  grape-sugar ;  the  former  is  then  reduced 
to  black  metallic  bismuth.  A  further  very  characteristic  property 
of  the  monosaccharids  is  their  power  of  fermentation.  They 
become  decomposed  by  the  action  of  yeast-cells  (Saccharomyces) 
into  alcohol  and  carbonic  acid — 

CeHigOg = 2G2H5OH  +  2CO2. 

Such  an  experiment  can  be  carried  on  best  in  a  fermentation - 
glass  (Fig.  39),  by  introducing  into  it  a  solution  of  grape-sugar 


Fio.  39.— Fermentation-tube — a,  newly  filled  ;  b,  with  carbonic  acid  dovelopinff.    At  the  top  of 
the  straight  limb  a  quantity  of  carbonic  acid  has  already  acciunulated. 


mixed  with  fresh  yeast,  so  that  the  liquid  fills  completely  the  long 
closed  limb  of  the  glass.  At  a  temperature  of  c.  30° — 40''  C.  there 
appears  a  fairly  energetic  cleavage  of  the  grape-sugar,  small 
buobles  of  carbonic  acid  rising  continually  as  in  a  glass  of  cham- 
pagne, and  accumulating  at  the  upper  end.  The  more  carbonic 
acid  accumulates  above,  the  more  the  liquid  is  forced  out  of  the 
long  limb  into  the  spherical  part  of  the  vessel,  until  finally  the 
former  may  be  entirely  filled  with  the  gas.  The  presence  of  alco- 
hol may  be  recognized  at  once  by  the  odour  of  the  liquid.  One 
more   characteristic   of  the  monosaccharids  may   be    mentioned, 
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which  they  share  with  all  soluble  carbohydrates — viz.,  the  power  of 
rotating  the  plane  of  polarised  light.  As  their  names  indicate, 
dextrose  rotates  it  to  the  right;  laevulose,  to  the  left. 

The  dimccha^nds  may  be  regarded  as  having  arisen  from  the 
monosaccharids  by  the  combination  of  two  molecules  of  the  latter 
and  the  loss  of  a  molecule  of  water ;  this  would  yield  the  formula — 

Among  the  disaccharids  are  to  be  noted  especially  cane-S2igar 
(saccharose),  which  is  contained  in  large  quantities  in  the  cell-sap 
of  the  sugar-cane ;  and  milJc'Sugar  (lactose),  the  carbohydrate  of 
milk.  By  certain  methods,  as  by  boiling  with  dilute  inorganic 
acids  or  by  the  action  of  certain  bacteria,  the  disaccharids  can  be 
made  to  undergo  hydrolytic  cleavage,  so  that  they  pass  over 
into  the  monosaccharids.  This  change  is  termed  inversion.  In 
contact  with  certain  fermentation-agents,  especially  Bdcterium  lac- 
ticum,  the  disaccharids  are  induced  not  to  ferment  directly,  but  to 
pass  over  into  monosaccharids,  which  are  themselves  subject  to  the 
fermentative  action  of  these  organisms.  If  Bacterium  lacticum  be 
employed  as  the  fermentation-agent,  lactic  acid  results — 

— a  process  which,  in  contrast  to  alcoholic  fermentation  by  the  yeast 
plant,  is  termed  lactic  acid  fermentation  ;  to  it  is  due  the  souring 
of  milk  exposed  to  the  air.  Finally,  under  the  influence  of  another 
fermentation  agent,  Bacilbts  hutyrictts,  lactic  acid  can  be  still  further 
decomposed  into  butyric  acid,  carbonic  acid  and  hydrogen — 

2C,HeO, = C.HgO, + 2C0j + 4H  ; 

thus  a  butyric  acid  fermentation  is  recognised. 

The  polysaccharids  are  anhydride  stages  of  the  monosaccharids 
still  further  removed ;  in  them  several  monosaccharid  molecules 
combine  with  the  loss  of  a  molecule  of  water,  so  that  their 
formula  is  a  multiple  of  CgHj^Og.  Among  the  polysaccharids 
occurs  a  series  of  bodies  that  play  an  important  rdle  and 
are  wide- spread,  some  in  the  life  of  the  plant-cell,  others  in  many 
animal-cells.  They  are,  first,  starch,  which  occurs  in  all  green  cells 
of  plants  in  the  form  of  granules,  in  which  the  layers  are  arrane^ed 
concentrically  (Fig.  40)  ;  secondly,  glycogen,  which  occurs  as  flakes 
find  irregular  particles,  especially  in  the  cells  of  the  liver,  but  in 
smaller  quantities  in  many  other  tissue-cells;  thirdly,  cellulose, 
which  constitutes  the  cell-membranes  of  all  plant-cells,  and  has 
been  demonstrated  also  in  the  leathery  mantle  of  the  Tunicates. 
These  members  of  the  group  of  polysaccharids  may  be  distin- 
guished from  one  another  in  a  very  characteristic  manner  by 
their  behaviour  towards  solutions  of  iodine  :  by  iodine  starch  is 
coloured  an  intense  blue,  glycogen  a  mahogany  brown,  and  cellulose 
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not  at  all ;  the  latter,  however,  becomes  blue  in  the  presence  of  iodine 
and  sulphuric  acid. 

In  addition  to  the  free  carbohydrates,  comMtuilions  of  carbohydrates 
exist  in  living  substance — e.g.,  combinations  with  proteida,  as  an 
example  of  which  mucin  has  already  been  mentioned. 

The  most  important  decomposilion-prothtcts  of  carbohydrates  have 
also  been  mentioned,  such  as  lactic  acid,  butyric  acid, carbonic  acid, 
etc.,  all  of  which  are  met  with  in  living  substance. 


The  fats  likewise  do  not  belong  to  the  general  constituents  of 
living  substance,  but  they  are  wide-spread,  chiefly  in  animal  cells. 
Like  the  carbohydrates,  the 
&its  are  non -nitrogenous,  and 
contain  only  the  elements  car- 
bon, hydrogen  and  oxygen.  But 
chemically  they  differ  funda- 
mentally from  the  carbohy- 
drates. For  example,  they  re- 
present the  so-called  compound 
eth  e  rs,  or  esters — t.e.  compou  nds 
in  which  an  acid  has  combined 
with  alcohol  with  the  loss  of 
water.  The  alcohol  that  is  the 
basis  of  all  fats  is  glycerine, 
CgU^iOK^.  and  the  acids  that 
are  combined  with  glycerine 
belong  to  the  series  of  fatty 
acids,  whose  general  formula  is 
C„Hj„Oj.  Since  the  glycerine 
represents  a  trivalent  alcohol, 
in  the  neutral  fats  three  atoms  i-^ 

of  fatty  acid  are  always  combined  with  one  atom  of  glycerine  into 
tri-glycerides.     The  general  formula  of  the  fats  is,  therefore— 
C,H5(OH)3  +  3C„Hj„0,-3Hp. 

As  examples  of  the  fatty  acids  there  may  here  be  mentioned 
palmitic  acid,  stearic  acid,  butyric  acid,  valeric  acid  and  capronic 
acid.  In  addition  to  these,  oleic  acid,  which  does  not  belong  to 
the  normal  scries  of  fatty  acids,  occurs  in  the  various  oils  combined 
with  glycerine. 

In  correspondence  with  their  composition,  the  neutral  fats  may 
by  certain  methodsbe  split  up  byhydrolysis  into  their  constituents— 
i.e.,  into  glycerine  and  free  fatty  acids  ;  this  process  takes  place  in 
the  organism  as  the  result  of  the  action  of  the  digestive  juices.     It 
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occurs  also  when  neutral  fats  are  boiled  with  alkaline  liquids,  such 
as  caustic  potash  or  soda.  The  fatty  acids  thus  set  free  combine 
with  the  alkali  to  form  the  so-called  soaps,  which  may  be  distin- 
guished as  potash  soaps,  sodium  soaps,  calcium  soaps,  etc. 

The  fats  are  all  lighter  than  water  and  do  not  dissolve  in  water, 
but  they  are  easily  soluble  in  ether.  A  characteristic  property, 
which  is  important  for  the  microscopic  recognition  of  the  fat-drop- 
lets in  cells,  is  their  power  of  reducing  perosmic  acid  to  metallic 
osmium,  the  latter  forming  a  black  coating  to  the  fat-droplet. 
This  osmic  acid  reaction  is  not  to  be  employed  alone  as  a  sure  test 
in  the  diagnosis  of  fat ;  for  doubtless  other  reducing  substances 
exist,  which,  under  certain  circumstances,  can  be  blackened  by 
osmium ;  hence  it  should  be  used  only  in  conjunction  with  other 
tests,  solubility  in  ether,  strong  refracting  power,  etc. 

The  fact  that  fats,  like  carbohydrates,  can  appear  as  cleavage- 
products  of  proteids  has  already  been  mentioned. 

d.     The  Inorganic  Constituents  of  Living  Substance 

In  the  case  of  the  organic  compounds  of  the  cell  the  general  con- 
stituents (proteids)  and  the  special  constituents  (carbohydrates  and 
fats)  can  be  contrasted ;  the  same  distinction  can  be  made  with 
the  inorganic  compounds. 

Here,  also,  the  greater  interest  is  associated  with  the  general 
inorganic  constituents^  among  which  there  are  distinguished  water, 
salts,  and  gases. 

Water  is  that  constituent  of  living  substance  that  gives  to  it  its 
liquid  nature  and  thus  renders  possible  the  easy  shifting  of  its 
particles,  which  is  so  necessary  for  the  occurrence  of  vital 
phenomena.  It  is  contained  in  the  cell,  in  part  chemically 
combined  as  water  of  constitution,  and  in  part  free,  as  the 
solvent  medium  of  all  sorts  of  substances.  Accordingly,  water  is 
present  in  abundant  quantity,  constituting  upon  the  average  more 
than  50  per  cent,  by  weight  of  living  substance.  If,  e.g.,  the  whole 
water  contents  of  the  human  body  be  investigated,  which  with  the 
great  variety  of  the  forms  of  tissue  aflFords  a  good  avei-age, 
approximately  59  per  cent,  of  water  is  found;  this  is  shown  especially 
by  the  detailed  investigations  of  Bezold.  The  diflferent  tissues 
vary  very  greatly  in  this  respect.  Thus,  bones  contain  only  about  22 
per  cent,  of  w^ater,  the  liver  69  per  cent.,  muscles  75  per  cent.,  and 
the  kidneys  82  per  cent.  Hence  it  is  not  strange  that  the  water 
contents  of  living  substance  varies  much  more  in  different  species 
of  animals,  and  that  all  intermediate  stages  in  percentage  composi- 
tion are  met  with  between  the  slight  traces  of  water  contained  in 
a  rotifer  when  dried  but  still  capable  of  life,  and  the  water-contents, 
amounting  to  more  than  99  per  cent.,  of  certain  pelagic  Cteno- 
])hor(f. 
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Many  salts  occur  dissolved  in  water,  and  they  are  present  in  all 
living  substance.  The  compounds  of  chlorine  appear  to  be  espe- 
cially important,  as  well  as  the  carbonates,  sulphates,  and  phosphates 
of  the  alkalies  and  alkaline  earths,  particularly  sodium  chloride 
(common  salt),  potassium  chloride,  ammonium  chloride,  and  sodium, 
potassium,  magnesium,  ammonium,  and  calcium  carbonates,  sul- 
phates and  phosphates. 

Finally,  as  regards  gases,  there  occur  in  all  living  substance 
oxygen  and  carbonic  acid.  When  not  in  chemical  combination, 
they  are  usually  absorbed  in  water,  and  rarely,  as  in  many  uni- 
cellular organisms,  e,g,,  Bhizopoda,  in  the  form  of  bubbles  of  gas. 

The  fecial  inorganic  constitv^nbs  of  cells  comprise  a  great 
variety  of  substances,  but  for  present  purposes  it  is  unnecessary 
to  discuss  them.  It  is  remarkable  that  in  certain  cells  even 
free  mineral  acids  appear,  such  as  hydrochloric  acid,  which  is 
produced  by  certain  cells  of  the  gastric  glands  in  vertebrates,  and 
sulphuric  acid,  which  in  many  marine  snails  is  secreted  by  the 
cells  of  the  salivary  glands. 


e.  The  DistHhution  of  S^ibstan^s  in  Protopktsm  and  Nucleus 

Although  during  the  last  few  years  our  knowledge  of  cell- 
morphology  has  increased  greatly,  and  microscopic  investigation 
of  the  cell  has  revealed  its  finest  structural  relations,  comparatively 
little  is  known  of  the  chemical  nature  of  its  individual  morpho- 
logical constituents.  Here  is  the  point  where  physiological  micro-  * 
chemistry  must  institute  its  work.  The  combination  of  microscopic 
observation  and  chemical  reaction  alone  is  able  to  bridge  the  gap 
between  that  which  has  become  known  morphologically  as  ground- 
substance  and  solid  constituents  in  the  protoplasm  and  the  nucleus, 
and  that  which  gross  chemical  analysis  has  shown  to  be  the 
constituents  of  livmg  substance.  The  building  of  the  bridge  be- 
tween the  morphology  and  the  chemistry  of  the  cell  is  a  difficult 
undertaking,  since  the  majority  of  reactions  that  can  be  employed 
conveniently  and  easily  in  the  test-tube,  under  the  microscope  on 
account  of  the  minuteness  of  the  objects  either  give  very  indistinct 
results,  or  are  entire  failures.  Hence,  first  of  all,  delicate  and  re-  • 
liable  micro-chemical  methods  need  to  be  devised.  The  first  steps  in 
this  direction  have  already  been  taken,  and  we  have  begun  to  obtain 
here  and  there  an  insight  into  the  distribution  of  the  chemically 
known  substances  within  the  cell -contents. 

It  has  been  shown  that  the  bodies  that  have  been  found  as 
morphological  diflferentiations  in  the  cell-contents,  diflfer  also 
chemically.  Especially  the  investigations  of  Miescher,  Schwarz, 
Zacharias,  Altmann,  Kossel,  Lowitt,  Malfatti  and  others  have 
proved  that  characteristic  chemical  diflferences  exist  between  the 
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constituents  of  the  two  essential  cell-elements,  the  protoplasm  and 
the  nucleus. 

The  proteidSy  which  are  the  sole  general  chemical  constituents 
of  the  cell,  occur  in  both  the  protoplasm  and  the  nucleus,  but  a 
veiy  remarkable  difference  between  them  has  been  discovered. 
It  nas  been  found  that  the  compounds  of  proteids,  containing 
phosphoric  acid,  the  so-called  nucleins,  preponderate  greatly  in 
the  nucleus,^  while  in  the  protoplasm  they  seem  to  be  wanting 
entirely,  or  at  least  to  appear  only  in  combination  with  other  pro- 
teids  as  nucleo-albumins ;  the  protoplasm,  on  the  other  hand,  is 
constructed  chiefly  of  simple  proteids  and  proteid  compounds  that 
lack  phosphorus.  The  employment  of  a  simple  chemical  method 
confirms  this  fact.  As  Miescher  (74)  has  shown,  the  nucleins,  in 
contrast  to  all  other  proteids,  resist  the  digestive  action  of  the 
gastric  juice.  If,  therefore,  cells  of  very  diflFerent  kinds  be  brought 
under  the  influence  of  artificial  gastric  juice,  all  other  proteids  are 
digested,  while  the  nucleins  remain.  It  is  then  found  that  the 
whole  protoplasmic  body  is  digested,  while  the  nuclei  are  left  with 
an  inconsiderable  decrease  in  volume  and  a  somewhat  ragged 
contour.  If,  now,  the  remaining  substance  of  the  nuclei  be  tested 
with  the  known  nuclear  stains,  it  is  shown  that  what  is  wanting 
is  the  nuclear  sap,^  and  perhaps  the  achromatic  substance  also, 
for  the  whole  remaining  mass  takes  up  the  nuclear  stain  more 
or  less  strongly.  It  follows,  therefore,  that  the  chromatic 
substance  and  the  nucleoli  consist  of  nucleins,  while  the  pro- 
toplasm of  the  cell  is  composed  of  other  proteids.  Lilienfeld 
and  Monti  ('93),  in  Kossels  laboratory,  have  endeavoured  to 
prove  by  means  of  a  micro-chemical  reaction  that  phosphorus  is 
localised  especially  in  the  nucleus.  If  ammonium  molybdate  be 
added  to  a  substance  containing  phosphoric  acid,  a  compound  is 
formed,  phospho-molybdic  acid,  which  with  pyrogallol  takes  on  a 
dark  brownish-black  colour.  Lilienfeld  and  Monti  were  able  to 
show  that  in  a  great  variety  of  cells  the  nuclei  stain  black  because  of 
this  reaction,  while  the  protoplasm  is  left  unstained ;  but  it  should 
be  mentioned  that  soon  after  the  publication  of  their  results 
Raciborski,  Gilson  and  Heine  raised  the  objection  against  the  re- 
action that  there  was  simply  an  accumulation  of  ammonium 
molybdate  in  the  nucleus,  which  is  analogous  to  the  accumulation 
there  of  nuclear  stains.  Hence  caution  is  still  necessary  in  drawing 
conclusions  from  this  reaction. 

The  carbohydrates  appear  to  be  limited  to  the  protoplasm ;  at 
least,  thus  far  no  carbohydrates  have  been  found  in  the  nucleus. 
In  the  protoplasm  they  appear  not  rarely  as  solid  constituents,  e.g., 
glycogen  in  the  form  of  scales  and  irregular  particles  in  the  proto- 
plasm of  liver-cells,  starch-grains  in  general  in  the  protoplasm  of 

1  Cf.  Kossel  ('91). 

''  Cf.  Malfatti  ('91,  '92). 
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all  green  plant-cells,  and  cellulose  as  a  protoplasmic  product  upon 
the  surface  of  cells. 

The  fats  also  appear  to  be  limited  to  the  protoplasm.  Without 
exception  they  seem  to  be  wanting  in  the  nucleus,  but  are  very 
wide-spread  in  the  protoplasm  as  fat-  and  oil-droplets.  They 
may  always  be  recognised  by  their  great  refracting  power,  or, 
in  duhioy  by  their  blackening  with  perosmic  acid  and  solubility 
in  ether. 

Concerning  the  distribution  of  the  inorganic  constituents  of  the 
cell  almost  nothing  whatever  is  known.  As  to  the  potassium  com- 
pounds, however,  the  investigations  of  Vahlen  appear  to  show  that 
they  are  to  be  found  exclusively  in  the  protoplasm,  and  not  in  the 
nucleus. 

These  are  the  few  facts  thus  far  known.  The  chemical  composi- 
tion of  the  great  mass  of  substances  in  the  protoplasm  that  are 
termed  granules,  as  well  as  that  of  the  substances  in  solution,  is 
thus  far  wholly  unknown.  Here  an  unbounded  field  is  open  to  the 
physiological  chemists  of  the  future,  and  in  a  more  distant  future 
5hall  we  have  to  look  to  the  micro-chemical  investigation  of  living 
-substance  for  the  solution  of  the  final  riddle  of  life. 

The  main  points  of  the  above  examination  of  living  substance 
may  be  summarised  as  follows  :  Living  substance,  as  it  now  exists 
upon  the  surface  of  the  earth,  appears  solely  in  the  form  of  elemen- 
tary organisms,  the  cells,  some  of  which  live  separately,  while  some 
are  united  together  into  coherent  communities.  Each  cell 
is  a  bit  of  liquid  substance,  usually  microscopic  in  size,  in  which 
various  constituents,  partly  solid,  partly  in  solution,  are  stored 
Only  the  liquid  ground-mass,  the  protoplasm,  and  the  somewhat 
more  solid  nucleus  contained  within  the  former  can  be  regarded  as 
general  cell-constituents.  A  bit  of  protoplasm  containing  a  nucleus 
is  a  complete  cell,  and,  vice  versa,  there  are  no  cells  that  do  not 
possess  nucleus  and  protoplasm.  Just  as  very  different  morpho- 
logical constituents  may  be  distinguished  in  living  substance,  so 
very  different  chemical  bodies  are  present.  The  elements  of 
which  they  consist  are  only  such  as  exist  in  the  inanimate  world 
also,  but  their  number  is  small,  and  it  is  chiefly  the  elements 
having  the  lowest  atomic  weights  that  compose  living  substance. 
A  special  vital  element  does  not  exist,  but  the  compounds  in  which 
these  elements  occur  are  characteristic  of  living  substance,  and  in 
great  part  are  absent  from  the  inorganic  world.  They  are,  first  of 
all,  proteids,  the  most  complex  of  all  organic  compounds,  which 
consist  of  the  elements  C,  H,  O,  N,  and  S,  and  are  never  wanting 
in  living  substance.  Further,  there  occur  other  complex  organic 
compounds,  such  as  carbohydrates,  fats,  and  simpler  substances,  all 
of  which  either  are  derived  from  the  decomposition  of  proteids  or 
arc    necessary  to    their  construction  ;   and   inorganic  substances. 
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such  as  salts  and  water ;  the  latter  gives  to  living  substance  its 
requisite  liquid  consistency. 

In  its  main  outlines  the  above  is  the  picture  that  the  anatomical, 
microscopic,  physical,  and  chemical  investigation  of  living  substance 
has  afforded. 


II.    Living  and  Lifeless  Substance 

But  the  picture  of  living  substance  is  still  incomplete.  In  the 
above  pages  there  have  been  presented  the  details  of  its  composi- 
tion as  known  at  present,  but  the  most  essential  point  is  still 
wanting.  In  what  does  the  characteristic  difference  between 
living  and  lifeless  substance  consist  ?  This  question  is  weighty,  for 
it  contains  nothing  less  than  the  problem  of  all  physiology — namely, 
the  problem  of  life,  which  since  the  earliest  times  has  had  an 
irresistible  fascination  for  inquiring  minds. 

As  has  already  been  seen,  the  conception  of  life  has  not  been 
always  the  same.  Since  its  origin  among  primitive  peoples,  it  has 
become  changed  in  diverse  ways.  We  will  now  inquire  whether 
it  is  possible  to  outline  the  conception  scientifically  by  considering 
the  diflFerences  between  living  and  lifeless  substance. 

Because  of  the  sharp  distinction  between  objects  that  never 
have  lived,  such  as  stones,  and  those  that  have  lived  and  died,  or 
corpses,  this  undertaking  must  be  extended  in  two  directions 
— first,  to  the  differences  between  organisms  and  inorganic  sub- 
stances, and,  secondly,  to  the  differences  between  living  and  dead 
organisms. 

A.   ORGANISMS   AND   INORGANIC   BODIES 

1.  Stmidural  Differences 

In  comparing  organisms  with  inorganic  substances,  the  mistake 
has  been  made  of  contrasting  the  organism  with  a  crystal,  instead 
of  with  a  substance  that  has  a  consistency,  and,  in  general,  physical 
relations  similar  to  those  of  living  substance,  i.e.,  with  a  semi- 
liquid  mass.  Because  of  this  mistaken  comparison,  a  host  of 
differences  have  been  set  up,  the  incorrectness  of  which  is  evident. 

Thus,  it  has  been  said  that  inorganic  bodies  have  forms  con- 
structed according  to  simple  mathematical  laws  and  possessing 
perfectly  definite  angles  and  edges,  while  organisms  have  bodily 
shapes  that  cannot  be  represented  mathematically.  It  is  not 
necessary  to  cite  in  refutation  the  "crystallised  human  folk" 
which  Mephistopheles  claims  to  have  seen  in  his  years  of  travel ; 
the  untenableness  of  this  distinction  becomes  clear  when  it  is 
recalled  that,  in  the  first  place,  mathematically  simple  body-fonns 
do  actually  occur  among  organisms,  as  in  the  itadiolaria,  whii^h  are 
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provided  with  extremely  delicate  silicious  skeletons,  in  many 
tissue-cells  when  pressed  close  together  into  polyhedral  forms, 
and  in  many  spherical  egg-cells ;  and,  in  the  second  place,  in 
inorganic  nature  the  mathemjitically  fixed  body-form  is  wanting 
in  all  fluids. 

Further,  it  has  been  maintained  that  inorganic  bodies,  such  as 
crystals,  have  no  organs,  while  the  presence  of  these  distinguishes 
all  organisms.  This  also  is  incorrect.  There  exist  not  only 
organisms  without  proper  organs,  such  as  Amoeba  and  all  other 
Rliizopoday  in  which  the  whole  liquid  protoplasmic  body  is  an 
organ  for  all  things,  but  also  inorganic  structures  with  real  organs, 
such  as  machines,  in  which  the  individual  parts  are  provided  with 
perfectly  definite  functions.  Yet  no  one  will  seriously  regard 
Amcebcr.  as  inorganic  bodies,  or  steam-engines  as  living  organisms. 

Another  difference  has  been  sought  in  the  claim  that,  in  con- 
trast to  all  inorganic  bodies,  organisms  are  composed  of  the  charac- 
teristic structural  elements  of  all  living  substance,  cells.  It  is  true 
that  the  cell  is  a  specific  clement  of  the  whole  organic  world. 
But  that  which  characterises  this  elementary  constituent,  that 
which  distinguishes  it  from  the  whole  inorganic  world,  is  not  its 
morphological  character.  Objects  that  are  composed  of  separate 
form-elements  can  easily  be  manufactured  out  of  inorganic  sub- 
stances. Nature  has  manufactured  such  objects  in  great  quantity 
in  rocks  which  consist  of  innumerable  separate  crystals,  such  as 
granite.  That  which  characterises  the  cell  is  rather  its  chemical 
properties.  Hence  the  presence  of  cells  is  not  a  sign  of  absolute 
structural  difference. 

Finally,  it  has  been  said  that  inorganic  bodies  possess  a  very 
simple  uniform  structure,  while  organisms  possess  a  highly  complex 
"  organisation."  If  by  "  organisation  "  there  is  understood  simply 
the  more  or  less  complex  composition  of  organisms  out  of  different 
kinds  of  elementary  structural  particles,  the  cells,  this  state- 
ment, within  certain  limits,  is  true ;  although,  in  contrast  with 
composite  rocks,  the  diflference  is  merely  one  of  degree.  But  the 
cell  must  be  employed  for  comparison,  for  it  is  in  itself  a  complete 
organism.  If,  however,  the  conception  of  complex  "  organisation  " 
be  applied  to  the  cell,  it  signifies  merely  the  gross  morphological 
variety  and  chemical  complexity  of  its  constituents,  and  such  a 
condition  can  be  established  in  a  test-tube  in  a  complex  chemico- 
physical  mixture.  If  by  **  organisation "  a  special  kind  of  associa- 
tion of  the  individual  constituents  is  understood,  such  as  would 
not  occur  in  inorganic  nature,  then  the  conception  carries  with  it 
more  or  less  mysticism,  which  has  always  been  a  favourite  aid  in 
explaining  vital  phenomena.  Such  a  process  cannot  be  followed 
in  science,  for  science  and  mysticism  are  mutually  exclusive. 

Thus  it  is  seen  that  a  comparison  of  the  structural  relation^ 
of  living  and  of  inorganic  substance  does  not  reveal  essent 
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diflferences  between  the  two.  If  the  former  be  compared  with  a 
liquid  rather  than  with  a  crystal,  it  is  found  that  in  its  structural 
relations  it  diflFers  no  more  from  lifeless  liquid  mixtures  than 
these  diflfer  among  themselves,  and,  indeed,  not  so  much  as  they 
diflFer  from  a  crystal. 

2.  Genetic  Differences 

A  second  series  of  differences  which,  it  is  believed,  have  been 
found  between  organisms  and  inorganic  substances  has  reference 
to  reproduction  and  derivation.  These  diflferences  likewise  are  not 
fundamental,  and  it  is  easy  to  perceive  that  between  the  two 
groups  no  real  contrast  in  this  respect  exists. 

It  is  regarded  as  a  characteristic  sign  of  diflference  that 
organisms  reproduce,  while  inorganic  bodies  cannot  do  so.  This 
is  not  an  absolute  diflference,  for  many  organisms  are  known  that 
live  and  yet  can  never  reproduce.  Thus,  it  is  well  known  that  the 
power  of  reproduction  is  wanting  throughout  life  in  the  so-called 
workers,  those  individuals  in  communities  of  ants  and  bees 
which  form  the  great  majority  of  the  community  and  in  which  the 
sexual  organs  are  undeveloped ;  notwithstanding  this  latter  fact 
they  must  be  regarded  as  living  organisms.  Further,  reproduction 
in  organisms  consists  simply  m  a  giving-oflF  of  a  certain  portion 
of  the  body-substance,  a  division  of  the  individual  body.  This 
fact  shows  most  distinctly,  i.e.,  is  less  masked  by  accompanying 
accessory  phenomena,  in  unicellular  organisms.  An  Am<xiba,  for 
example,  constricts  itself  into  halves,  and  each  half  continues  to 
live  as  a  new  Anuehff.  But  if  reproduction  in  its  essentials  con- 
sists merely  in  the  division  of  substance,  no  fundamental  diflference 
exists  between  the  process  in  a  living  cell  and  that  in  an 
inorganic  body.  A  dro]>  'A'  mercury  that  falls  upon  the  Hoor  is 
divided  into  a  number  of  small  globules,  all  of  which  are  drops  of 
mercurv. 

It  has  been  said,  further,  that  organisms  are  always  derived  from 
other  organisms,  while  inorganic  bodies  can  be  derived  from  both 
organisms  and  inorganic  bodies.  Thus,  it  is  impossible  to  manu- 
facture even  the  simplest  organism  artificially  from  inorganic 
substances,  while  it  is  not  difficult  to  obtain  inorganic  bodies — 
e.g.,  water — in  a  ^ariety  of  ways  from  both  organic  and  inorganic 
substances.  This  appeal's  to  be  an  absolute  difference,  for  it  is 
true  that  in  spite  of  all  endeavours  no  one  has  succeeded  in 
demonstrating  that  organisms  can  be  formed  from  inorganics 
mattei*s  either  in  nature  oi-  in  the  laboraton*.  Nevertheless,  this 
difference  cannot  be  regarded  as  really  absolute,  for  it  can  be 
replied  that  organic  substance  is  constantly  being  built  out  of  in- 
organic substance  in  the  j)lant-l)ody,  this  being  the  exclusive 
method  of  construction  in  j)]ants.     To  this  it  has  been  rejoined  in 
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turn  that  this  origin  of  organic  out  of  inorganic  substance  is  pos- 
sible only  with  the  help  of  living  organisms ;  Preyer  ('80)  has  said 
that  organisms  are  distmguished  from  inorganic  bodies  by  the  fact 
that  they  always  presuppose  the  existence  of  living  substance. 
Only  in  this  form  does  the  distinction  hold  good,  at  most,  for  the 
present  time.  Virchow  s  dictum,  "  Omnis  cellula  e  cellula"  which  is 
the  generalisation  that  has  become  necessary  in  the  course  of  time 
from  the  old  dictum  of  Harvey,  "  Omne  vivum  ex  ovo"  holds  good 
only  for  the  conditions  that  now  prevail  upon  the  earth's 
surface.  If  we  go  backward  in  the  development  of  the  earth, 
we  soon  come  to  a  time  when  the  earth  was  an  incandescent  mass, 
upon  which  no  cell  could  exist.  Cells  must,  therefore,  have 
arisen  at  some  time  from  masses  of  matter  that  were  not  cells. 
At  this  point  the  following  alternative  is  presented :  Either,  as 
the  theory  of  spontaneous  generation  assumes,  organisms  have 
arisen  at  some  time  out  of  inorganic  substances,  or,  as  the  theory 
of  the  continuity  of  life  demands,  the  conception  of  life  must  be 
applied  also  to  those  bodies  from  which  cells  have  developed, 
although  they  were  totally  diflferent  from  the  living  substance  of 
present  organisms.  If  the  former  be  accepted,  the  difference  in  the 
derivation  of  the  two  groups  of  bodies  disappears  of  itself,  for  then 
not  only  inorganic,  but  also  organic  nature  is  derived  from  non- 
living substance.  Preyer  decides  upon  the  second  assumption  ; 
he  considers  as  living  the  mass  of  matter  out  of  which  cells 
have  developed,  and  even  the  whole  incandescent  mass  of  the 
earth  itself;  and  he  extends  still  further  Harvey's  dictum  to 
"  OmTie  vivum  e  vivo,''  thereby  expressing  the  idea  that  life  has 
never  originated,  but  has  existed  from  eternity.  But  the  diflSculty 
of  establishing  a  fundamental  difference  between  organisms  and 
inorganic  bodies  upon  the  ground  of  their  derivation  is  not 
thus  set  aside.  For,  in  harmony  with  his  idea  that  the  whole 
incandescent  mass  of  the  earth  is  to  be  considered  as  living, 
Preyer  assumes  that  the  inorganic  has  arisen  out  of  the  organic. 
Hence,  not  only  does  organic  nature,  but  also  inorganic,  pre- 
suppose the  existence  of  living  substance,  and  it  is  clear  that 
the  above-mentioned  diflference  in  the  derivation  of  the  two  great 
groups  of  matter  disappears.  It  is  seen,  therefore,  that  even  by 
such  an  extension  of  the  conception  of  life  as  Preyer's  the  difference 
in  derivation  cannot  be  maintained  for  the  earlier  period  of  the 
earth's  development. 

Just  as  little  absolute  difference  exists  between  the  organism 
and  the  inorganic  body  in  their  development  as  in  thieir  repro- 
duction and  derivation  from  like  bodies.  By  development  is 
understood  a  series  of  changes  undergone  by  the  new-born 
organism,  which  make  it  finally  like  its  parents.  Such  changes 
occur  in  inorganic  nature  likewise,  and  are  there  not  funda- 
mentally different  from  those  in    organisms.     E.g.,  if  a  piece  of 
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sulphur  be  melted  in  a  vessel  and  the  melted  mass  be  poured 
into  water,  there  is  obtained  a  tough,  brown,  gummy  substance 
which  has  not  the  least  external  resemblance  to  the  piece  of 
sulphur  from  which  it  came.  But  if  it  be  left  for  a  day  or  two, 
it  becomes  gradually  harder  and  more  solid,  its  brown  colour  fades 
and  changes  to  a  yellowish,  and  after  some  time  the  whole  mass 
takes  on  again  the  appearance  of  common  hard  yellow  sulphur. 
Here  the  sulphur  has  gone  through  a  development  which  has 
made  it  again  like  the  piece  from  which  it  was  derived.  But 
even  on  the  part  of  organisms  development  is  not  an  absolute  sign 
of  difference,  for  there  are  organisms  that  live  without  developing. 
The  two  equal  parts  into  which  Amceba  constricts  itself  are 
.  complete  Amcubce  without  any  further  process,  and  are  dis- 
tinguished by  their  size  only  from  the  individual  from  which  they 
are  derived. 

Finally,  an  endeavour  has  been  made,  but  with  similar  slight 
success,  to  find  a  distinction  between  organisms  and  inorganic 
substances  m  the  manner  of  growth.  The  unfortunate  contrast 
of  the  organism  and  the  crystal,  again,  has  led  to  the  assertion  of 
this  difference.  It  has  been  said  that  the  crystal  grows  by  the 
apposition,  the  organism  by  the  intussusception  of  particles ;  i.e.j 
the  crystal  grows  by  laying  one  particle  after  another  upon  its 
surface,  the  interior  remaining  fixed  and  unchanged,  the  organism, 
on  the  contrary,  by  taking  particles  into  its  interior  and  storing 
them  between  those  already  present.  If  a  cell  as  a  whole  be  con- 
trasted with  a  crystal,  this  is  not  to  be  disputed ;  but  it  has 
already  been  seen  that  as  regards  its  physical  characteristics  the 
living  substance  of  organisms  in  its  essentials  ought  to  be  com- 
pared with  a  liquid.  Liquids,  however,  grow  solely  by  intussus- 
ception, i.e.y  if  a  soluble  body  be  added  to  a  liquid,  e.g.,  salt  to 
water,  the  latter  dissolves  the  former  and  stores  the  molecules  of 
the  soluble  body  by  diffusion  between  its  own  molecules — that  is, 
there  is  here  exactly  the  same  process  as  in  the  growth  of  the 
organism. 

Hence,  the  comparison  of  the  genetic  relations  of  organisms  and 
inorganic  bodies  reveals  no  more  fundamental  difference  between 
them  than  the  consideration  of  their  structural  relations,  and  it  is 
necessary  to  search  further. 

3.  Physical  Differences 

A  third  group  of  differences  which  have  been  asserted  to  exist 

between  organisms  and  inorganic  bodies  comprises  the  phenomena 

of  movement.    Movement,  the  most  evident  of  all  vital  phenomena, 

"'^garded  in  early  times  as  a  characteristic  sign  of  life,  ancl 

ve  people,  in  holding  consistently  to  this   idea,  regarded 

and  waves  as  living  things.     But  the   sea   is   no   longer 
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called  living,  and,  on  the  other  hand,  in  the  resting  plant-seed 
there  is  seen  a  condition  of  the  organism  in  which,  whilo  it  is 
not  doad,  not  thp  shghtest  movement  can  be  recognised.  Thus 
the  significancL-  of  movement  in  its  primitive  fomi  has  now  diw- 
appeared,  and  in  pla«e  of  it  more  special  motile  phenomena  have 
been  sought  a*  distinguishing  marks  between  organisms  and 
inoi^nic  bodies. 

It  has  been  thought  that  a  difference  must  be  recognised  in  the 
causes  that  produce  ujovenients,  on  the  one  hand,  of  organisms, 
and,  on  the  other,  of  inorganic  bodies.  The  former,  such  as  muscle- 
movements,  are  said  to  result  from  internal  causes — those  that  have 
their  seat  in  the  organism  itself:  the  latter,  such  as  the  movement 
of  waves  and  clouds,  from  external  causes — those  that,  like  the  wind. 
act  upon  the  object  from  without.  The  mystical  vital  force  is  hert; 
more  or  less  evident.  But  we  have  already  become  convinced  of 
the  non-existence  of  such  a  force,  and  the  claim  of  such  a  difference 
in  the  causes  of  movement  cannot  be  maintained.  Moreovei'.  in 
many  cases  it  is  difficult  to  draw  a  sharp  boundary  between  internal 
and  external  causes.  E.g.,  if  a  steam-engine,  and  not  winds  and 
waves,  be  considered,  it  can  be  said  of  it,  with  as  much  right  as 
of  the  organism,  that  it  works  from  internal  causes,  for  the 
pressure  of  the  steam  which  drives  the  piston  and  puts  the 
wheels  in  motion  is  in  the  interior  of  the  boiler. 

But  it  has  been  said  that  the  difference  between  the  causes  of 
motion  in  the  steam-engine  and  those  in  the  organism  lies  in  the 
iact  that  the  former  cannot  work  unless  it  is  heated  from  the  out- 
side, while  the  latter  works  of  itself.  This  is  wholly  untrue.  The 
oi^anism  also  must  be  heated  if  it  is  to  continue  in  activity,  i.e.,  in 
life,  exactly  as  the  steam-engine.  Its  heating  is  by  the  introduction 
of  food.  The  analogy  between  the  beating  of  the  steam-engine  and 
the  nutrition  of  the  organism  goes  very  far.  The  carbon -containing 
fowl  is  burned  in  the  organism  in  great  part  aa  is  the  coal  in  the 
steam-engine — i.e.,  the  food-stuffs  are  oxidised  by  the  oxygen  taken 
in  in  respiration,  as  the  coal  is  oxidised — and  in  both  cases  there  is 
obtained  as  the  end-product  carhiinic  acid.  If  the  inti-oduction  of 
food  be  interrupted,  the  activity  of  the  organism  ceases  after  a 
time  when  all  the  ingested  food  is  consumed,  similarly  as  with  the 
steam-engine ;  in  both,  movement  is  stopped. 

The  comparison  of  the  organism  with  the  steam-engine  allows 
the  untenableness  of  the  claim  of  another  difference,  closely 
associated  with  the  previous  one,  to  be  at  once  recognised.  It 
has  been  said,  namely,  that  organisms  are  in  dynamical  equi- 
librium—t.i:.,  the  same  quantity  of  energy  that  is  introduced 
into  the  organism  leaves  it  a^ain  in  some  form — while  in- 
organic bodies  are  in  stable  equilibrium.  It  is  true  that  organ- 
isms in  the  adult  state  are  in  dynamical  equilibrium.  But,  when 
forward  as    a    real   difference   in   comparison 
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inorganic  bodies,  the  crj'stal  alone  is  again  in  mind.  The  steam- 
♦;ngine,  however,  is  an  inorganic  system  in  which  dj-namic  equi- 
librium exists  verj'  clearly;  for  by  the  mediation  of  heat  the 
«*y*<tern  gives  oflF  to  the  outside  as  mechanical  energy  exactly 
HH  much  energj'  as  is  introduced  by  the  burning  of  the  coal. 

Finally,  irritability  has  been  brought  forward  as  a  general 
characteristic  of  organisms  in  contrast  to  inorganic  bodies.  In 
reviewing  the  history  of  physiological  investigation  it  was  seen 
that  at  first  verj'  indefinite  ideas  were  associated  with  the  word 
"  irritability,"  and,  in  order  to  guard  against  misunderstandings, 
the  conception  must  be  definitely  formulated.  It  can  be  said  in 
general  tnat  irritability  is  the  capacity  of  a  body  to  react  to 
an  external  influence  by  some  kind  of  change  in  its  condition,  in 
which  the  extent  of  the  reaction  stands  in  no  definite  proportion 
to  the  extent  of  the  influence.  As  a  matter  of  fact,  irrita- 
bility, or  excitability,  is  a  property  of  all  living  substance, 
whether  the  organi.sm  responds  to  the  external  influence  by  the 
production  of  definite  substances,  as  with  secreting  gland-cells, 
or  definite  forms  of  energy,  as  with  muscle-cells,  phosphorescent 
cells,  and  electric  cells,  or  whether  it  responds  by  depression  or 
even  standstill  of  its  vital  activities.  But  irritability  is  not  the 
exclusive  property  of  organisms,  for  lifeless  substances  are  likewise 
irritable  and  respond  to  external  influences  by  definite  changes, 
f.g.,  by  the  production  of  definite  substances  or  of  energy,  in  which 
process  the  extent  of  the  production  by  no  means  corresponds 
always  to  the  extent  of  the  external  impulse.  The  clearest 
examples  of  such  cases  are  aff'orded  by  explosive  substances.  By 
a  slight  shock  nitroglycerine  is  decomposed  into  water,  carbonic 
acid,  oxygen  and  nitrogen,  the  process  being  accompanied  by  a 
powerful  evolution  of  energy ;  in  other  words,  nitroglycerine 
responds  to  an  external  influence  by  an  enormous  production  of 
energy  and  a  change  of  material.  Hence  irritability  is  not  an 
absolute  sign  of  difference  between  organisms  and  inorganic 
bodies,  and  it  is  seen  that  a  fundamental  contrast  between  the  two 
is  afforded  no  more  by  their  dynamical  than  by  their  structural 
and  genetic  relations.     We  will,  therefore,  search  still  further. 

4.  Chemical  Differences 

It  is  by  a  comparison  of  their  chemical  relations  that  a  dif- 
ference is  finally  found  to  exist  between  organisms  and  inorganic 
bodies. 

It  has  been  seen  that  a  specific  vital   element  exists  in  the 
"sm  no  more  than   a   specific    vital    force.      The    chemical 
that  compose  the  organism  occur  without  exception  in 
nature  also.     Therefore,  a  fundamental  chemical  con- 
ween   organic   and   inorganic   substance    is    not    to    be 
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expected,  i.t'.,  a  contrast  that  rests  upon  a  difference  as  regards 
chemical  elements.  But  a  difference  does  exist  in  the  kind  of 
combinations  into  which  the  elements  enter.  It  was  seen  above 
that  chemical  compounds  are  present  in  living  substance,  that 
never  occur  in  the  inorganic  world;  such  are  proteids,  carbo- 
hydrates and  fats.  Of  most  importance  is  the  fact  that  one  group 
of  these  chemical  bodies,  the  proteids,  belong  to  all  organisms 
without  exception.  Just  as  there  is  no  single  organism,  whether 
living  or  dead,  in  which  proteids  are  wanting,  so  there  are  no 
inorganic  bodies  in  nature  in  which  even  an  approximately  similar 
substance  is  present.  The  possession  of  the  highly  complex 
proteid  molecule  is,  therefore,  a  definite  mark  of  distinction  of 
the  organism  in  its  relation  to  all  inorganic  bodies. 

But  some  have  gone  still  further  and  have  endeavoured  to  find 
an  absolute  diflference  between  the  two  bodies,  not  only  in  the 
existence  of  certain  compounds,  but  also  in  the  order  of  the 
chemical  processes  in  the  active  organism.  It  is  said  that  living 
substance  is  characterised  by  its  metabolism,  in  which  definite 
compounds  are  formed  continually,  are  broken  down,  give  off 
their  decomposition-products  to  the  outside,  and  are  reformed 
at  the  expense  of  the  substances  taken  in  from  the  outside  Jis 
food ;  hence  a  continual  streaming  of  matter  through  the  living 
substance  takes  place,  being  conditioned  by  the  construction 
and  destruction  of  the  compounds  in  question.  Metabolism  is, 
indeed,  a  characteristic  process  of  the  living  organism,  and 
it  will  be  seen  later  that  upon  it  the  vital  process  rests;  but 
it  is  solely  a  process  that  distinguishes  the  living  organism 
from  the  dead  organism  and  not  from  inorganic  substance,  for 
it  is  not  confined  to  organisms,  but  occurs  also  among  inorganic 
bodies.  A  simple  example  of  this  is  found  in  the  behaWour  of 
nitric  acid  in  the  production  of  concentrated  sulphuric  acid.  If 
nitric  acid  be  mixed  with  sulphurous  anhydride,  which  is  obtained 
in  the  manufacture  of  sulphuric  acid  by  roasting  sulphur  ore,  the 
sulphurous  acid  withdraws  oxygen  from  the  nitric  acid  and  passes 
over  into  sulphuric  acid,  while  the  nitric  acid  becomes  nitrous 
acid.  If  the  constant  entrance  of  fresh  air  and  water  be 
provided,  the  nitric  acid  is  constantly  reformed  from  the  nitrous 
acid  and  gives  a  part  of  its  oxygen  again  to  new  quantities  of 
sulphurous  acid,  so  that  the  molecule  of  nitric  acid  is  continually 
being  alternately  broken  down  with  loss  of  oxygen  and  built  up  with 
absorption  of  oxygen.  In  this  manner  with  the  same  quantity  of 
nitric  acid  an  unlimited  quantity  of  sulphurous  acid  can  be  changed 
into  sulphuric  acid.  Thus  here  in  a  simple  form,  ix.^  in  a 
simple  chemical  compound,  is  a  regular  metabolism,  a  succession 
of  destructions  and  constructions  of  a  substance  along  with  the 
gain  and  loss  of  substances,  which  corresponds  in  principle,  even 
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Ktinjeet  Singh,  the  seal  and  all  the  walls  were  found  uninjured. 
In  the  dark  room  of  the  building,  which  was  examined  with  a 
light,  the  sack  containing;  the  fakir  lay  in  a  locked  box,  which  was 
provided  with  a  seal  likewise  uninjured.  The  sack,  which  pre- 
sented a  mildewed  appearance,  was  opened,  and  the  crouching 
form  of  the  fakir  was  taken  out.  The  body  was  perfectly  stiflF.  A 
physician  who  was  present  found  that  nowhere  on  the  body  was  a 
trace  of  a  pulse-beat  evident.  In  the  meantime  the  servant  of 
the  fakir  poured  warm  water  over  the  head,  laid  a  hot  cake  upon  the 
top  of  the  head,  removed  the  wax  with  which  the  ears  and  nostrils 
were  stopped,  with  a  knife  forcibly  opened  the  teeth,  which  were 
tightly  pressed  together,  drew  forward  the  tongue  which  was  bent 
backward  and  which  repeatedly  sprang  back  again  into  its  position, 
and  rubbed  the  closed  eyelids  with  butter.  Soon  the  fakir 
began  to  open  his  eyes,  the  body  began  to  twitch  convulsively,  the 
nostrils  were  dilated,  the  skin,  heretofore  stiff  and  wrinkled, 
iissumed  gradually  its  normal  fulness,  and  a  few  minutes  later  the 
fakir  opened  his  lips  and  in  a  feeble  voice  asked  Runjeet  Singh, 
"  Do  you  believe  me  now  ?  " 

Similar  cases  are  reported  in  great  number  by  more  or  less 
reliable  witnesses.  An  analogous  instance  was  observed  in  Europe, 
and  is  cited  likewise  by  Braid.  It  is  the  well-known  case  of 
Colonel  Townsend;  of  whom  Dr.  Cheyne,  a  physician  of  Dublin, 
well-known  in  scientific  circles,  narrates  as  follows : 

"  He  could  die  or  expire  when  he  pleased,  and  yet,  by  an  effort 
or  somehow,  he  could  come  to  life  again.  He  insisted  so  much 
upon  us  seeing  the  trial  made  that  we  were  at  last  forced  to 
comply.  We  all  three  felt  his  pulse  first :  it  was  distinct,  though 
small  and  thready,  and  his  heart  had  its  usual  beating.  He  com- 
posed himself  on  his  back,  and  lay  in  a  still  posture  for  some  time  ; 
while  I  held  his  right  hand.  Dr.  Bajoiard  laid  his  hand  on  his  heart, 
and  Mr.  Skrine  held  a  clear  looking-glass  to  his  mouth.  I  found 
his  pulse  sink  gradually,  till  at  last  I  could  not  feel  any,  by  the 
most  exact  and  nice  touch.  Dr.  Baynard  could  not  feel  the  least 
motion  in  the  heart,  nor  Mr.  Skrine  perceive  the  least  soil  on  the 
bright  mirror  he  held  to  his  mouth.  Then,  each  of  us,  by  turns, 
examined  his  arm,  heart,  and  breath ;  but  could  not,  by  the  nicest 
scrutiny,  discover  the  least  symptom  of  life  in  him.  We  reasoned  a 
long  time  about  this  odd  appearance  as  well  as  we  could,  and 
finding  he  still  continued  in  that  condition,  we  began  to  conclude 
that  he  had,  indeed,  carried  the  experiment  too  far ;  and  at  last  we 
were  satisfied  that  he  was  actually  dead,  and  were  just  ready  to 
leave  him.  This  continued  about  half  an  hour.  By  nine  in  the 
morning,  in  autumn,  as  we  were  going  away,  we  observed  some 
motion  about  the  body,  and  upon  examination  found  his  pulse  and 
the  motion  of  his  heart  gradually  returning :  he  began  to  breathe 
heavily  and  speak  softly.     We  were  all  astonished  to  the   last 
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fit^p^f-.  at  thU  anexpected  change,  and  after  some  further  conversa- 
tion with  him,  and  amcng  ourselves,  went  away  fully  satii»fied  as 
t»  all  the  fmticalars  of  this  tact,  but  confounded  and  puzzled, 
and  not  able  to  form  anv  rational  scheme  that  might  account 
for  it," 

It  i«  not  to  be  denied  that  a  priori  these  tales,  especially  those  of 
the  Indian  &kirs,  are  calculated  to  awaken  distrust,  and  a  sound 
scepticism    is   the  basis  of  all  good  criticism.     The  mistrust  i? 
increafseil  when  cases  happen  in  which  the  &kirs  are  exposed  as 
swindlers,  as  at  the  Hungarian  Millennium  Exposition  in  Budapest. 
But  frr^n  the  standpoint  of  an  unprejudiced  science  we  must  say 
that  it  would  be  an  entire  mistake  superciliously  to  regard  a  thing 
as  untrue  merely  because  at  first  sight  the  reports  appear  strange, 
and  because  an  impostor  employs  it  for  purposes  of  gain.     It  is 
rather  in  accordance  with  the  liberality  of  scientific  research  first 
carefully  to  test  the  phenomenon   and  to  see  whether  genuine 
scientific  grounds  for  its  impossibility  may  be  brought  against  it    If 
from  all  the  known  stories  their  more  or  less  sensational  accom- 
paniments be  removed,  the  simple  statement  remains  that  certain 
men  can  voluntarily  put  themselves  into  a  state  in  which  no  vital 
phenomena  are  demonstrable  by  a  more  or  less  superficial  examina- 
tion, and  can  awaken  later  to  normal  life.     Now,  sufficient  cases 
are  known  where  physicians  by  the  usual  methods  of  their  practice 
are  able  to  discover  absolutely  no  traces  of  vital  phenomena,  where 
pulse,  respiration,  movement,  and  irritability  are  not  to  be  observed ; 
and  yet  where  the  person,  supposiibly  dead,  has  after  a  time  re- 
turned to  life.     These  phenomena  are  usually  termed  "  apparent 
death,"  and  are  connected  with  those  of  normal  sleep  by  a  series 
of  transition  phenomena.      Such  transition  phenomena  are  the 
continual  sleep  in  which  persons,  such  as  the  "  sleeping  soldier  " 
and  the  **  sleeping  miner,"  continue  in  a  state  of  depressed  vital 
activity   and    incapable  of  being  awakened,   and,  especially,  the 
phenomena  of  the    winter  sleep   of  warm-blooded  animals.      If 
the  fact  of  apparent  death   cannot  be  disputed,  the  mysterious 
and  myntical  in  the  reported  tales  constantly  diminish  and  become 
limited  solely  to  the  power  of  going  into  such  a  state  voluntarily. 
As  regards  this,  we  know  that  it  is  possible  by  exercise  to  bring 
under  the  influence  of  the  will  bodilv  activities,  such  as  the  move- 
ment  or  inhibition  of  certain  muscles,  which  once  took  place  only 
involuntarily.     And  it  is  known  that  in  certain  pathological  con- 
ditions, especially  in  cases  of  profound  hysteria,  many  phenomena, 
which  are  never  associated  with  the  will  in  normal  persons,  can 
^"'^  brought  under  its   influence.     Hence   it    is  not  justifiable  to 
a  priori,  the  impossibility  of  the  reported  phenomena,  al- 
the  reports,  which  come  almost  e.xclusively  from  thu  English 
'  and  civil  officials,  concerning  fakirs  that  are  buried  alive 
e  received  with  great  caution  and  criticism.     It  will  be  an 
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interesting  task  for  the  physiologists  to  investigate  carefully  these 
phenomena,  heretofore  so  ill-defined,  to  prove  by  refined  methods 
what  vital  phenomena  are  really  depressed  and  to  what  degree,  and 
finally  to  show  how  this  voluntary  apparent  death,  which,  it  is 
widely  believed,  has  in  it  absolutely  nothing  mystical,  is  to  be 
explained  physiologically. 

How  little  justification  there  is  in  doubting  the  power  of  certain 
organisms  to  retain  the  capacity  of  life  without  exhibiting  the 
slightest  vital  phenomena,  and  even  for  so  long  a  time  that  the 
usual  duration  of  their  life  is  greatly  surpassed,  appears  when  we 
turn  from  the  vertebrates  to  the  invertebrates,  which  have  been 
very  carefully  investigated  in  this  respect. 

Leeuwenhoek  (1719)  made  the  very  remarkable  observation 
that  in  the  dust  of  eaves-troughs  animalcules  exist  which  are 
capable  of  drying  up  completely  withfjut  losing  the  power  of 
awakening   to    active    life    upon    being    moistened    with    rain- 


water. Since  their  discovery  by  Leeuwenhoek  this  fact  has  been 
confirmed  by  a  great  number  of  observers  and  its  details  have 
been  more  fully  described.  It  is  not  difficult  to  convince  one's 
self  of  its  truth.  If  some  of  the  crust  be  scraped  from  an  old 
eaves-trough  or  from  the  moss-covered  si(h>  of  iin  old  tree-trunk, 
and  the  dry  powder  be  covered  with  pure  rain-water,  often  in  the 
course  of  some  hours  a  number  of  small  animals  can  be  seen  by 
the  aid  of  the  microscope,  actively  creeping  about  among  the 
particles  of  mud.     They  are  mostly  representatives  of  the  wheel- 
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animalcules,  or  Roiatoi'ia,  whose  bodies,  extended  like  a  telescope, 
have  at  their  anterior  end  a  locomotor  organ  provided  with  stout 
cilia,  which  on  account  of  the  apparently  wheel-like  motion  of  the 
cilia  has  been  termed  the  wheel-organ.  Besides  the  Rotatoria 
there  are  found  chiefly  the  so-called  bear-animalcules,  or  Tardi- 
grada,  clumsy  mite-like  animals  provided  with  four  pairs  of  short 
stumps  of  feet,  bearing  claws ;  like  the  Rotatoria  they  are  provided 
with  a  nervous  system,  digestive  apparatus,  etc.  (Fig.  41  a).  So 
long  as  this  latter  peculiar  animal  is  in  water,  it  performs  all 
its  vital  phenomena  like  other  animals.  But  if  it  be  isolated 
and  allowed  to  dry  slowly  upon  a  slide,  it  is  seen  that  the 
more  the  water  evaporates,  the  slower  become  its  movements, 
until  finally  they  cease  entirely  when  the  drop  is  dried  up.  Then 
the  body  gradually  shrinks,  the  skin  becomes  wrinkled  and  folded, 
the  form  becomes  gradually  indistinguishable,  and  some  time 
after  the  animal  has  become  dried  up  it  can  scarcely  be  dis- 
tinguished from  a  grain  of  sand  (Fig.  41  6).  In  this  dried  con- 
dition it  can  remain  for  many  years  without  undergoing  the 
slightest  change.  If  it  be  moistened  again  with  water,  the 
return  of  life  to  the  desiccated  body  after  its  sleep  can  be 
followed  with  the  microscope.  The  awakening  of  the  tardi- 
grade, or  the  anabiosis,  as  Preyer  ('80)  has  termed  the  process, 
takes  place  somewhat  as  follows:  The  body  swells  up  and  becomes 
extended,  the  folds  and  wrinkles  slowly  disappear,  the  extremities 
project,  and  the  animal  s^oon  assumes  its  normal  shape.  At  first 
it  remains  quiet;  then,  after  a  time,  varying,  according  to  the 
duration  of  the  drying,  from  a  quarter  of  an  hour  to  several  hours, 
movements,  at  first  slow  and  feeble,  begin  and  gradually  become 
stronger  and  more  frequent,  until  after  some  time  the  animal, 
unaided,  creeps  away  to  resume  life  at  the  jioint  where  it  was 
interrupted. 

These  highly  remarkable  phenomena  of  anabiosis  are  not  limited 
to  the  Rotatoi^ia  and  the  Tardigrada,  They  have  been  noticed 
likewise  in  various  other  organisms  in  the  course  of  investigations 
which  in  great  number  followed  Leeuwenhoek  s  discovery.  They 
have  been  observed  in  the  so-called  paste-eels,  or  AnguillMlidw, 
the  small  eel-like  worms  that  live  in  diseased  wheat-grains,  in 
Infusoria  and  Amceha,  and  in  Bacteria, 

In  the  same  group  of  facts  belongs  also  the  long-known  capacity 
of  plant-seeds  to  remain  dry  for  many  years  unchanged  without 
losing  their  jx)wer  of  sprouting ;  indeed,  it  has  even  been  believed 
that  this  power  can  continue  for  an  unlimited  time.  The  state- 
ments are  well  known  that  wheat-grains  found  in  the  graves  of 
Egyptian  mummies  after  a  rest  of  many  thousarifi  years  have 
sprouted  and  bloomed.  It  has  been  settled,  however,  that  these 
n'ports  rest  upon  a  delusion,  for  Mariette,  the  well-known  Egypto- 
logist, has  shown  that  with  genuine  mummy  wheat  these  experi- 
ments always  fail,  since  all  wheat-grains  taken  from  the  graves 
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have  a  ehaTTed  appearance,  and,  when  brought  into  water,  dis- 
integrate into  a  clayey  pulp.  Nevertheless,  froni  several  observa- 
tions it  appears  certain  that  many  plant-seeds,  when  completely 
dried,  can  retain  their  power  of  sprouting  for  more  than  a  hundred, 
perhaps  for  more  than  two  hundred,  years. 

These  rare  fiicts  are  of  great  importance  in  forming  a  conception 
of  life,  and  demand  exhaustive  investigation.  The  question  to  be 
>conaidered  is  whether  it  is  allowable  to  regard  organisms  in  this 
peculiar  condition  as  really  lifeless. 

Theoretically,  in  its  most  general  e.tpression,  the  distinction 
between  living  and  lifeless  organisms  meets  with  no  great  diffi- 
culties. Our  conception  of  life  has  been  fonned  from  the  observa- 
tion of  certain  phenomena  which  appear  only  in  living  organisnts. 
in  other  words,  vital  phenomena.  Wherever  we  observe  vital 
phenomena  we  speak  of  a  living  organism.  This  characterisation 
of  the  conception  of  life  can  be  simplified  still  more.  If,  for 
example,  all  the  varieties  of  vital  phenomena  be  recalled,  it  is 
found  that  they  arrange  themselves  into  three  great  groups, — 
those  of  metabolism,  or  change  of  substance,  those  of  change  of 
form,  and  those  of  transformation  of  energy.  Eveiy  bving 
organism  exhibits  changes  in  its  component  materials,  since  it 
■continually  takes  in  substances  from  the  outside  and  gives  oft' 
Others  to  the  outside;  it  exhibits  changes  of  its  form,  since  it 
develops,  grows,  and  reproduces  by  constncting  off  certain  parts ; 
And  it  exhibits  changes  of  its  energy,  since  it  transforms  the  chem- 
ical energy  received  with  its  food  into  other  forms  of  energy. 
But  these  changes  are  not  three  wholly  different  processes,  which 
are  independent  of  one  another ;  they  are,  rather,  different  kinds  of 
phenomena  of  one  and  the  same  process.  No  substance  exists 
without  form  or  energy.  Substance,  form,  and  energy  are  simply 
the  three  phases  in  which  the  physical  world  can  manifest  itself 
in  phenomena,  in  which  matter  can  be  considered.  Every  change 
of  substance  necessitates  a  simultaneous  change  in  the  two 
other  phases,  although  in  a  given  case  one  phase  is  more  evident 
to  the  senses  than  another.  Hence  it  can  be  said  that  in  a 
general  sense  the  vital  process,  the  outward  expression  of  which 
18  perceived  in  the  various  vital  phenomena,  consists  in  changes 
of  substance,  or,  in  brief,  metabolism.  Accordingly,  it  is  meta- 
bolism in  which  the  living  organism  difiers  from  the  lifeless. 

Practically,  t.e.,  in  a  concrete  case,  this  distinction  is  not  always 
so  simple,  as  is  evident  from  the  case  of  desiccated  organisms.  In 
accordance  with  the  above  considerations,  it  is  a  question  whether 

these  organisms  in  their  peculiar  condition  possess  really  no  meta- 
lliolism,  or  %hetber  their  metabolism  ia  simply  depressed  to  so 

slight  a  degiee  that  it  is  not  apparent  to  our  unaided  senses  in 

the  form  of  vital  phenomena,  i.e.,  whether  the  life-process  is  at  an 
:^tiial  standstill,  or  whether  only  a  mta   minium   exists.      Tt 

lecision  of  this  question  is  passible  only  by  means  of  the  mo 
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refined  and  careful  methods  of  research.  The  majority  of  investi- 
gators have  always  believed  that  in  such  dried  organisms  there  is 
really  a  complete  standstill  of  life ;  but  the  objection  has  always 
been  possible  that  the  metabolism  in  this  condition  may  be  so 
slight  that  with  the  minuteness  of  most  of  the  objects  it  cannot 
be  proved  by  the  usual  methods  of  investigation.  The  experiments 
carried  on  recently  by  Kochs  ('90)  are  likely  to  refute  this  ob- 
jection completely.  Dried  animals,  isolated  upon  a  clean  glass 
slide,  take  in  no  solid  or  liquid  food,  and  direct  observation  shows 
likewise  that  n6  outgo  of  liquid  or  solid  matters  takes  place.  But 
Kochs  has  demonstrated  in  the  following  way  that  a  respiration, 
i.e.,  an  in- take  of  oxygen  and  an  out-put  of  carbonic  acid,  is  never 
present.  He  selected  for  his  experiments  various  plant  seeds, 
completely  dried,  and  placed  a  considerable  quantity  of  them  in  a 
wide  glass  tube;  he  extracted  the  air  as  much  as  possible  by 
means  of  the  air  pump  and  then  sealed  the  tube  by  melting.  If 
only  a  slight  metabolism  were  present  in  the  seeds,  with  their 
considerable  quantity  at  least  a  trace  of  expired  carbonic  acid 
could  have  been  found.  But,  when  after  several  months  Kochs 
investigated  the  contents  of  the  tube  by  the  most  delicate  methods, 
he  found  not  the  slightest  trace  of  expired  carbonic  acid  or  any 
other  product  of  metabolism.  These  experiments  were  repeated 
always  with  the  same  result.  Nevertheless,  the  seeds  remained 
camble  of  life  and  sprouted  upon  being  sown. 

From  the  results  of  these  experiments  it  can  no  longer  be  doubted 
that  in  desiccated  organisms  there  is  a  complete  standstill  of  life. 
Can  organisms  in  this  peculiar  condition  be  termed  dead  ?  In 
reality  they  are  lifeless  but  not  dead,  for  anabiosis  is  possible  after 
the  application  of  water,  while  nothing  can  bring  dead  organisms 
back  to  life.  The  distinction  between  the  dried  and  the  dead 
organism  lies  in  the  fact  that  in  the  former  all  the  internal  \'ital 
conditions  are  still  fulfilled,  and  only  the  external  conditions  in 
part  have  disappeared,  while  in  the  latter  the  internal  vital  condi- 
tions have  experienced  irreparable  disturbances,  although  the 
external  conditions  can  still  be  fulfilled. 

Preyer  illustrates  this  distinction  very  happily.  He  compares  the 
dried  organism  to  a  clock  that  has  been  wound  but  has  stopped,  so 
that  it  needs  only  a  push  to  set  it  going,  and  the  dead  organism  to  a 
clock  that  is  broken  and  cannot  be  made  to  go  by  a  push.  Hence 
a  sharp  distinction  must  be  made  between  dried  and  dead  organisms. 
But  dried  organisms  cannot  be  called  living,  for  they  exhibit  no 
vital  phenomena,  and,  as  has  been  seen,  vital  phenomena  are  the 
criterion  of  life.  It  is  best,  therefore,  to  apply  to  them  the  ex- 
pression "  apparently  dead."  Claude  Bernard  has  tenned  the 
condition  of  apparently  dead  organisms  "  vie  latenti'  "  (latent  life), 
an  expression  which  Preyer  has  replaced  with  ''  jwtentielles  Lchn  ' 
(p>tontiaI  life),  in  contrast  to  the  usual  or  '' actueUes  Lebcn'^ 
(actual  life)  of  the  normal  organism.    To  use  a  German  expression, 
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it    may   be   said   that  such  organisms  exist  in  the  condition   of 

■'  Sekeinlod  "  (apparent  death). 


2.  Life  and  Death 

It  has  been  seen  that  the  determination  of  the  difference  between 
life  and  apparent  death  is  beset  with  practical  difGcultics,  since  it 
is  not  easy  to  decide  experimentally  whether  the  life-process  in 
reality  is  at  a  complete  standstill  in  dried  and  apparently  dead 
organisms.  It  is  still  more  difficult  to  determine  theoretically  a 
sharp  limit  between  life  and  death. 

In  daily  life  it  is  easy  to  distinguish  the  dead  organism  from  the 
living ;  for  from  the  human  body  and  &om  the  higher  animals  we 
have  formed  a  general  conception  of  death,  and  are  accuBtouied  to 
consider  it  as  occurring  at  the  moment  when  the  heart,  hitherto 
never  quiet,  stands  still,  and  the  individual  ceases  to  breathe. 
But  we  here  follow  the  superficial  habit  of  daily  life  and  take  into 
consideration  only  the  gross  differences  that  make  their  appearance 
at  that  time,  without  noticing  the  continuance  of  certain  phe- 
nomena after  this  all-important  moment. 

The  criterion  of  life  is  formed  only  by  the  vital  phenomena,  i.e., 
by  the  various  phases  in  which  the  vital  process,  or  the  metabolism, 
becomes  evident  to  the  senses.  But  if  this  criterion  be  applied  to 
the  human  being  at  the  moment  usually  termed  the  moment  of 
death,  it  is  found  that  in  i-eality  he  is  not  then  dead.  A  careful 
examination  shows  at  once  the  truth  of  this  statement. 

It  is  true  that  the  spontaneous  gross  muscular  movements  cease, 
the  man  becomes  relaxed  and  quiet.  But  the  muscles  frequently 
remain  for  several  hours  sensitive  to  external  influences,  responding 
to  the  latter  with  twitcbings  and  movements  of  the  limbs,  in  other 
words  showing  vital  phenomena.  A  moment  even  comes  when  the 
muscles  gradually  contract  once  more  spontaneously,  this  is  the 
death-stiffening  (rigor  mortis),  Not  until  this  has  passed  is  the 
life  of  the  muscles  extinguished.  Nevertheless,  even  then  the  body 
is  not  entirely  dead.  Certain  parts  only,  certain  organs  or  cell- 
complexes,  such  as  the  cells  of  the  nervous  system  and  of  the 
muscles,  no  longer  show  vital  phenomena ;  but  other  cells  and  cell- 
complexes  continue  to  live  unchanged  long  after  rigor  mortis  has 
passed.  As  is  well  known,  the  inner  surfeco  of  the  air-passages,  the 
larynx,  the  ti'achea,  and  the  bronchial  tubes,  is  covered  ivith  a  ciliated 
epithelium,  a  layer  of  cylindrical  cells  pressed  tightly  together  and 
bearing  upon  their  surface  fine  hair-like  appendages,  with  which 
theyperfonn  a  continual,  rhythmic,  beating  motion  (Gf.  Fig.  20  a, 
p.  78).  These  ciliated  cells  continue  their  nonnal  activity  in  the 
corpse  for  davs  after  the  cessation  of  the  heart,  and  thus  survive 
after  the  so-called  death.  But  even  aft-^r  n^voral  days  the  whole 
body  is  not  always  dead.    The  white  bio  ".  or  li 

the  amoeboid  colls  that  are  not  only  cw 
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blood-current  but  also  wander  about  actively  in  all  the  tissues  of 
the  body  and  play  an  important  rdle  in  the  organic  household,  re- 
main in  great  part  living,  and,  if  kept  under  favourable  conditions, 
can  live  still  longer. 

What  moment  then  shall  be  designated  as  the  moment  of  death  ( 
If  the  existence  of  vital  phenomena  be  employed  as  the  criterion, 
then  the  moment  when  spontaneous  muscular  movement,  espe- 
cially the  activity  of  the  heart,  ceases,  cannot  consistently  be 
regarded  as  the  moment  of  death,  for  other  cell-complexes  con- 
tinue to  live  for  a  long  time  thereafter.  We  see,  therefore,  that 
there  is  no  definite  point  of  time  at  which  life  ceases  and  death 
begins ;  but  there  is  a  gradual  passage  from  normal  life  to  complete 
death  which  frequently  begins  to  be  noticeable  during  the  course 
of  a  disease.     Death  is  developed  out  of  life. 

The  history  of  death  is  very  different  in  the  different  classes  of 
animals.  In  the  warm-blooded  animals  death  develops  relatively 
rapidly  after  the  standstill  of  the  blood-circulation,  as  a  result  of 
the  great  dependence  of  all  tissue-cells  upon  nourishment  from 
the  blood-current.  The  cold-blooded  organism  passes  from  life  to 
death  as  a  rule  much  more  slowly ;  the  definitive  death,  i.e.,  the 
state  in  which  no  further  vital  phenomenon  can  be  perceived  in 
the  body,  appears  in  many  cases  only  months  after  the  animal  has 
experienced  an  irreparable,  fatal  injur}'.  In  harmony  with  the 
greater  independence  of  the  individual  organs  in  respect  to  the 
blood-circulation  and  one  another,  in  many  cold-blooded  animals 
individual  parts  also,  when  severed  from  the  rest  of  the  body,  can 
survive  for  a  long  time, — a  peculiarity  upon  which  depends  the 
special  usefulness  of  such  animals,  e.g.,  frogs,  for  many  physio- 
logical investigations.  It  is  well  known  that  a  muscle  with  its  nerve 
can  be  removed  from  a  frog's  body,  and  under  proper  conditions 
can  be  maintained  for  experimentation  alive  and  in  an  irritable 
condition  for  days.  The  fact  appears  here  much  more  clearly 
than  in  the  case  of  man,  that  death  is  not  a  condition  that  is 
established  in  a  moment,  but  is  developed  very  gradually. 

It  may  be  said  that  in  all  the  cases  mentioned  multi- 
cellular animals  are  under  consideration,  and  in  them  one  kind  of 
cell  suffers  death  earlier,  the  others  later ;  but  how  is  it  with  the 
single  cell,  which  in  itself  represents  a  living  organism  ?  The 
history  of  cell-death  corresponds  exactly  with  the  development  of 
death  in  the  multicellular  organism,  except  that  in  the  former  the 
various  important  points  appear  much  more  clearly.  We  see  here 
also  that  death  does  not  occur  suddenly,  but  that  normal  life  is 
united  with  definitive  death  by  a  long  series  of  transition-stages, 
following  one  another  uninterruptedly,  and  frequently  extending 
through  several  days  or,  not  rarely,  several  weeks.  We  have 
already  become  abundantly  acquainted  with  the  fact  that  non- 
nucleated  protoplasmic  masses  that  have  been  cut  off  from  a  cell 
do  not  continue  living.     If  such  a  separated  piece  of  protoplasm. 
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which  possesses  no  nucleus  and  whose  fate  is  therefore  sealed,  be 
observed  with  the  microscope,  it  can  be  seen  that  it  passes 
from  its  normal  behaviour  to  complete  standstill  of  all  its  vital 
phenomena  only  very  gradually.^  Certain  marine  species  of 
Uhizopoda,  e.g.,  OrhitolitcSy  are  well  fitted  for  this  observation;  they 
stretch  out  through  the  pores  of  their  calcareous  shell  clusters  of 
naked  non-nucleated  protoplasmic  threads,  or  pseudopodia,  of 
considerable  length,  and  by  means  of  them  they  move,  seize  food- 
organLsms  and  digest  food.  If  such  a  mass  of  pseudopodia  be  cut 
off  from  an  Orhitolites  under  the  microscope,  the  network  of  threads 
first  flows  together  into  a  roundish  droplet,  which  thereupon 
immediately  stretches  out  new  pseudopodia  of  the  same  form  as  in 
the  uninjured  organism,  and  moves  as  if  in  connection  with  the 
nucleated  body.  The  new  pseudopodia  also  seize  food- organisms, 
but  are  not  able  to  digest  them.  This  latter  fact  is  very  important, 
for  from  it  follows  the  fact  that  the  non-nucleated  protoplasmic 
droplet  is  not  able  to  manufacture  new  body-substance.  The  move- 
ments of  these  microscopic  bodies  continue  normal  for  hours,  and 
their  irritability  is  also  maintained.  But  the  pseudopodia  are  very 
gradually  drawn  in,  while  new  ones  are  no  longer  protruded,  and  as 
a  result  the  mass  draws  itself  more  and  more  into  a  spherical  lump. 
It  cannot  yet  be  said  that  the  protoplasmic  mass  is  dead,  for  even 
upon  the  next  day,  if  the  object  be  observed  at  intervals  of  several 
hours,  extremely  slow,  feeble  changes  of  form  can  be  perceived. 
Only  after  several  days  does  the  protoplasmic  droplet  swell  up  and 
disintegrate  into  a  loose  mass  of  granules. 

Thus,  death  does  not  come  to  the  cell  immediately,  but  is  the 
end-result  of  a  long  series  of  processes  which  begin  with  an  irrepar- 
able injury  to  the  normal  body,  and  lead  by  degrees  to  a  complete 
cessation  of  all  vital  phenomena.  Since  during  the  course  of  this 
process  vital  phenomena  are  still  noticeable,  while  death  as  a 
result  of  the  injury  is  unavoidable,  it  is  advantageous  to  character- 
ise by  a  name  the  time  from  the  receipt  of  the  fatal  injury  up  to 
the  definitive  death  as  a  time  of  uninterrupted  transitions.  Ex- 
tending a  conceptioii  introduced  into  pathology  by  K.  H.  Schultz 
and  Virchow  ('71),  I  shall  term  it  necrobiosis. 

It  is  seen,  therefore,  that  is  impossible  to  draw  a  sharp  line 
between  life  and  death,  that  life  and  death  are  only  the  two  end- 
results  of  a  long  series  of  changes  which  run  their  course  success- 
ively in  the  organism.  But  if,  after  having  established  this  fact, 
the  transition-stages  be  left  out  of  consideration  for  the  moment 
and  only  the  two  end-results  be  considered,  on  the  one  side,  the 
uninjured  living  organism  and,  on  the  other,  the  same  organism 
killed  and  preserved  in  alcohol  by  the  modern  technical  metb^s 
a  sharp  distinction  between  these  two  can  be  recognised  i 
fact  that  in  the  former  the  life-process  goes  on  undisturbed 

1  C/.  Verworn('91}. 
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evident  from  the  appearance  of  all  vital  phenomena,  while  in  the 
latter  it  is  for  ever  at  a  complete  standstill,  as  is  shown  by  the 
absence  of  even  the  slightest  phenomena  of  life. 

We  are  now  in  position  to  add  a  capstone  to  our  characterisa- 
tion of  living  substance — in  other  words,  to  characterise  in  general 
terms  the  vital  process  itself 

It  has  been  sho\\'n  that  a  fundamental  difference — i.e.,  a  difference 
in  the  elementarj'  materials  and  the  elementarj^  forces — between 
organisms  and  inorganic  bodies  does  not  exist.  The  vital  pheno- 
mena of  organisms  must,  therefore,  depend  upon  the  same  general 
mechanical  laws  as  the  phenomena  of  the  inorganic  world.  But 
a  difference  does  exist  between  the  two  great  groups  of  bodies 
in  respect  to  the  kind  of  chemical  compounds  in  which  the  element- 
ary materials  are  associated,  since  in  organisms  generally  certain 
highly  complex  compounds  occur,  especially  proteids,  which  are 
never  wanting  in  living  substance,  and  are  never  found  in  the 
inorganic  world.  It  is  evident  that  this  difference  is  of  the  same 
kind  as  the  differences  that  exist  between  the  various  inor- 
ganic bodies  themselves  as  regards  their  chemical  composition. 
rJTevertheles?,  in  the  possession  of  the  complex  proteids  organisms 
have  something  in  common  in  contrast  to  all  inorganic  bodies. 

Further,  it  has  been  shown  that  living  differ  from  lifeless 
organisms,  whether  the  latter  be  apparently  or  really  dead,  by  their 
metabolism — i.c.,  by  the  fact  that  their  substance  continually  breaks 
down  spontaneously,  is  regenerated,  and  accordingly  continually 
gives  off  substances  to  the  outside  and  receives  other  substances  from 
the  outside.  The  kind  of  product  arising  from  this  decomposition 
shows  that  nitrogenous  compounds,  especially  proteids,  are  involved 
in  it.  Since  it  is  known  that  the  nitrogenous  proteids,  with  their 
allies,  which  in  part  are  derived  from  the  proteids  and  in  part 
are  necessary  to  their  formation,  are  the  sole  organic  compounds 
that  are  never  wanting  in  living  substance,  that  everywhere  they 
constitute  its  chief  mass  and  alone  are  sufficient  for  its  formation, 
it  can  be  said  that  all  living  organisms  are  characterised  by  the 
metabolism  of  proteids. 

We  can  thus  summarise  our  considerations  so  far,  and  at  the 
same  time  give  simple  expression  to  the  problem  of  all  physiology. 
The  Hfc'process  consists  in  the  metabolism  of  proteids.  If  this  be  true, 
all  physiological  research  is  an  experiment  in  this  field  ;  it  con- 
sists in  following  the  metabolism  of  proteids  into  its  details  and 
recognising  the  various  vital  phenomena  as  an  expression  of  this 
metabolism  which  must  result  from  it  with  the  same  inevitable 
necessity  as  the  phenomena  of  inorganic  nature  result  from  the 
f'hemical  and  physical  changes  of  inorganic  bodies. 


CHAPTER  III 

ELEMENTARY   VITAL   PHENOMENA 

What  is  called  life  is  a  series  of  vital  phenomena  very  un- 
equal in  importance.  As  regards  most  of  the  activities  that  con- 
stitute the  daily  life  of  mankind,  some  are  composed  of  elementary 
phenomena,  and  some  are  secondary  results  of  elementary  pheno- 
mena. Even  those  that  are  apparently  simple  and  direct,  such  as 
the  circulation  of  the  blood  and  respiration,  are  not  elementary. 
The  elementary  phenomena  are  the  contraction  of  the  heart 
and  the  respiratory  muscles,  which  secondarily  accomplish  the 
circulation  of  the  blood  and  the  exchange  of  air  in  the  lungs ;  for 
muscle-contraction  cannot  be  reduced  to  the  activity  of  other 
elements,  it  is  the  direct  expression  of  the  life  of  those  cells  in 
which  it  appears.  If  we  wish  to  become  acquainted  with  the 
elementary  vital  phenomena,  we  must  go  back  to  the  cells  in  which 
they  appear. 

If  all  complex  activities  and  secondary  phenomena  be  traced 
back  to  the  elementary  vital  phenomena  that  lie  at  their  founda- 
tion, three  great  groups  of  the  latter  are  found,  which  in  some 
form  are  peculiar  to  all  living  substance,  to  every  cell ;  these  are 
the  phenomena  associated  with  changes  of  substance,  of  form,  and 
of  energy.  All  living  substance  without  exception,  so  long  as  it 
lives,  shows  continual  changes  of  its  material,  alterations  of  its 
form,  and  transformations  of  its  energy ;  and  all  vital  phenomena 
whatsoever,  when  resolved  into  their  elements,  may  be  placed  in 
one  or  more  of  these  three  great  groups.  In  this  chapter  we  shall 
endeavour  to  obtain  a  comprehensive  view  of  vital  phenomena  by 
recording  the  facts,  and  shall  leave  to  a  later  chapter  the  reduction 
of  them  to  mechanical  causes. 

I.  The  Phenomena  of  Metabolism 

A.   THE    INGESTION  OF   SUBSTANCES 

"  Nourishing,"  in  the  widest  sense,  signifies  th  ^cess 

involved  in  the  taking-in  of  food-stuffs  from  the  e 
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the  case  of  the  compound  organism,  eating  and  drinking  constitute 
merely  an  extrinsic  part  of  the  process ;  whatever  is  thus  brought 
to  a  single  organ,  the  stomach,  is  for  the  good  of  each  one  of  the 
many  millions  of  cells  that  constitute  the  body.  If  the  life  of  the 
body  is  to  be  maintained,  all  cells  must  take  in  certain  food-sub- 
stances. The  following  consideration  must,  therefore,  cover  two 
points — first,  the  nature  of  the  substances  thkt  every  cell  needs  in 
order  to  maintain  its  life,  and,  second,  the  mode  of  ingestion  of 
those  substances. 

1.  Food-stuffs 

All  living  matter  is  continually  undergoing  decomposition  and, 
hence,  must  take  in  substances  that  contain  all  the  chemical 
elements  of  which  it  is  constructed. 

While  it  is  a  vital  phenomenon  of  every  cell  to  take  in  food- 
stuffs, the  latter  diflFer  in  kind  with  every  form  of  cell.  But 
in  spite  of  all  specific  diflFerences  in  the  substances  that  each  form 
of  cell  requires  for  its  life,  all  organisms  may  be  classified  into  a 
few  large  groups,  within  each  of  which  a  general  agreement  in  the 
kind  of  nutrition  prevails. 

A  fundamental  diflFerence  in  the  nutrition  of  plants  and  of  animals 
was  discovered  early.  All  green  plants  take  up  from  the  earth 
and  air  simple  inorganic  materials  from  which  to  construct  their 
living  substance ;  on  the  other  hand,  all  animals  without  excep- 
tion, in  order  to  be  able  to  maintain  life,  require  highly  complex 
organic  compounds. 

This  fact  is  easily  confirmed.  In  order  to  prove  that  animals 
cannot  exist  without  organic  food,  it  is  only  necessary  to  perform 
suitable  feeding  experiments.  When  fed  with  purely  inorganic 
matters,  such  as  water,  salts,  etc.,  even  when  these  contain  all  the 
chemical  elements  of  living  substance  in  the  correct  proportion, 
animals  always  die  after  a  longer  or  shorter  time.  On  the  other 
hand,  it  can  be  shown  that  plants  live  solely  at  the  expense 
of  inorganic  substances,  by  allowing  them  to  grow  in  so-called 
nutrient  solutions,  which  possess  in  the  form  of  inorganic  salts 
the  chemical  elements  that  are  necessary  to  the  formation  of 
living  substance.  Such  a  nutrient  solution,  which  contains  in 
soluble  compounds  the  elements  N,  H,  O,  S,  P,  CI,  K,  Na,  Mg,  Ca,  Fe, 
i.e.,  with  the  exception  of  carbon,  all  organic  elements,  is  composed, 
according  to  Sachs  ('82),  as  follows  : — 

Water  1,000         c.c. 

Potassium  nitrate    1         gr. 

Sodium  chloride  Oo 

Calcium  sulphate  0*5 

Magnesium  sulphate  0  5 

Calcium  phosphate 0*5 

Ferrous  sulphate .-  0005 
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If  the  root  of  a  graio  of  coro  that  ha«  sprouted  in  water  be 
placed  in  a  cylinder  containing  this  nutrient  solution,  while  the 
upper  parts  project  into  the  air  (Fig.  42),  the  plant,  when  placed 
in  the  light,  grows  well,   develops  into  a  large 
stalk,  flowers  and  produces  seed  with  which  tht, 
experiment  can  be  repeated.     If  the  iron  salt 
be  wanting  in  the  nutrient  solution,  the  plant 
grows  likewise  for  some  time,  but  remains  colour 
less,  and  microscopic  examination  of  the  leases 
shows  that   the  chlorophyll    is   wanting  in  the 
cells.     Only  after  the  addition  of  a  trace  of  iron 
sulphate  do  the  leaves  become  green. 

As  a  glance  at  the  contents  shows,  no  carbon 
is  present  in  the  nutrient  solution.  Since,  how 
ever,  under  all  circumstances  the  plant  requires 
carbon  for  building  its  organic  substance  in  its 

frowth  it  inu.st  have  taken  carbon  from  the  air , 
ence  it  is  necessary  that  the  experiment  be  ar 
ranged  so  that  the  y)per  parts  of  the  plant  pro 
ject  into  the  air.  If  the  air  be  excluded  bj  a 
bell-jar,  in  a  short  time  the  plant  dies  Carbon 
is  contained  in  the  air  only  in  the  form  of  car 
bonic  acid ;  hence  the  plant  must  withdraw  it 
from  this  compound,  and,  in  fact,  it  appears  that 
when  a  certain  quantity  of  carbonic  acid  is  left 
under  the  bell-jar,  after  a  short  time  all  is  con- 
sumed. This  important  fact,  that  the  plant 
supplies  its  need  of  carbon  solely  from  the 
carbonic  acid  of  the  air,  was  discovere<i  by 
Ingenhouss  and  de  Saussure,  and,  after  having 
been  doubted  for  a  long  time,  now  forms  one  of 
the  most  important  facts  in  all  plant  phyMolog, 
nitrogen,  however,  as  an  experiment  analogous  to  the  above  shows, 
cannot  be  extracted  from  the  air  ;  it  is  taken  up  solely  from  the 
nitrogenous  salts  of  the  water. 

It  follows  from  these  experiments  that  plants  construct  their 
living  substance  out  of  simple  inorganic  compounds,  from  the 
carbonic  acid  in  the  air,  which  is  taken  up  by  the  leaves,  and 
from  the  water  containing  salts,  which  reaches  the  plant  through 
its  roots.  In  contrast  to  this,  no  animal  is  able  to  build  its  living 
substance  synthetically  from  simple  inorganic  compounds,  even 
when  all  the  chemical  elements  of  its  body  are  contained  in  them ; 
all  animals  without  exception  require  organic  material  already 
prepared. 

This  contrast  between  animals  and  plants  is  very  significant,  for 
it  expresses  the  important  fact  that  the  animal  world  cannot 
exist  without  the  plant  world.      It  is  true  that  a  great  number  of 
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animals  exist,  such  as  camivora,  which  require  only  animal  food- 
stuffs, especially  flesh  ;  but,  if  the  source  of  their  food  be 
sought,  it  is  always  found  ultimately  in  herbivora,  and  the 
latfcer  cannot  live  without  plant-food.  Thus,  the  camivora  depend 
ultimately  upon  the  existence  of  plants.  Without  plants  all 
animals  would  die,  for  plants  alone  are  able  to  manufacture  from 
inorganic  substances  the  carbohydrate,  the  fat  and  the  proteid  that 
animals  require  for  their  existence.  The  old  philosophy  of  nature, 
prevalent  at  the  beginning  of  the  present  century,  was,  hence,  not 
entirely  incorrect  when  in  this  sense  it  termed  the  whole  animal 
world  parasites  of  the  plants. 

For  a  long  time  it  was  believed  that  this  difference  in  the 
nutrition  of  animals  and  plants  is  an  absolute  one,  that  all  living 
cells,  as  regards  their  metabolism,  can  be  divided  simply  into 
animal-  and  plant-cells.  But  it  has  been  found  that  the  difference 
exists  only  within  certain  limits,  viz.,  only  so  far  as  animal-cells 
and  green,  i.e.,  chlorophyll-containing,  plant-cells  are  concerned,  for 
those  constituents  of  the  plant-cell  in  which  carbonic  acid  is 
received  and  elaborated  are  exclusively  the  green  chlorophyll- 
bodies.  There  are  plants  without  chlorophyll — e.g.,  the  fungi — which 
in  their  metabolism  form  to  some  extent  a  transition  between 
animals  and  green  plants. 

The  fungi  do  not  have  the  power  of  the  chlorophyll-containing 
plants  to  extract  carbon  from  the  carbonic  acid  of  the  atmospheric 
air;  in  order  to  satisfy  their  need  of  carbon  they  require,  like 
animals,  organic  substances,  such  as  proteid,  carbohydrate,  etc. 
On  the  other  hand,  the  fungi  behave  like  plants  in  so  far  as  they 
satisfy  their  need  of  nitrogen  from  the  inorganic  salts  of  the  earth, 
while  animals  obtain  their  requisite  nitrogen  only  from  proteids 
and  their  derivatives.  These  facts  follow  from  experiments  with 
nutrient  solutions,  in  which  fungi  do  not  grow  when  no  organic 
material  is  at  their  disposal ;  if,  however,  besides  nitrogenous  salts, 
sugar  be  added  to  such  a  solution,  they  grow  vigorously. 
Thus,  the  fungi  constitute  a  group  of  organisms  which,  as  regards 
their  metabolism,  combine  half  animal  and  half  plant  characters. 
But  still  other  relations  occur  in  nature ;  for  among  micro-organ- 
isms numerous  entirely  similar  transition-forms  occur,  and  the 
more  the  very  peculiar  life-relations  of  these  microscopic  beings, 
especially  the  Bacteria,  are  investigated,  the  more  it  appears  that 
in  this  group  of  lowest  organisms  the  metabolic  relations  in 
general  are  not  so  sharply  differentiated  as  in  the  higher  organised 
animals  and  plants.  Thus,  very  recently  the  clever  investigator, 
Winogradsky  ('90),  has  discovered  Bacteria  that  live  in  the  earth 
and  construct  their  living  substance  entirely  from  inorganic 
material,  chiefly  ammonium  carbonate  and  certain  mineral  sub- 
stances. These  remarkable  nitrogen-bacteria  (Nitromonas),  there- 
fore, although  they  possess  no  chlorophyll,  behave  exactly  like 
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green   plants      Other   forms   of  Bacteria   cannot   exist    without 
organic  food. 

To  glance  at  the  more  special  nutrition  of  animals,  {vs  regiinls 
the  organic  food-stufis  a  considerable  difference  prevails 
between  individual  species.  There  are  remarkable  adapta> 
tions  to  single  food-stufik  Thus,  the  caterpillar  of  the  fur-moth 
lives  exclusively  upon  the  hairs  of  fur,  which  consist  of  pun* 
keratin.  Keratin,  which  is  closely  allied  to  proteid,  is,  therefore, 
capable  of  furnishing  all  the  elements  for  the  formation  of  the 
living  substance  of  the  fur-caterpillar.  In  other  cases,  eg,,  in 
camivora,  proteid  alone  suffices  to  supply  all  the  elements 
necessaiy  to  the  formation  of  the  body ;  and  lately  Pfltiger  (*92) 
has  shown  by  detailed  experiments  that  even  dogs,  when  forced  to 
perform  hard  labour  daily,  can  live  continually  upon  pure  proteid 
lood.  In  such  experiments,  after  a  short  time  the  dogs  lose  almost 
all  their  body-fet,  but  remain  abimdantly  capable  of  work,  strong 
and  healthy.  On  the  other  hand,  it  is  impossible  to  maintain  an 
animal's  life  with  carbohydrates  or  fats  solely,  or  even  with  the  two 
together.  In  spite  of  an  abundance  of  such  food,  the  animals 
consume  their  own  body-proteid,  as  shown  by  the  continual  excre- 
tion of  nitrogen  in  the  urine,  and  finally  grow  weaker  and  die. 
The  reason  for  this  is  evident,  for,  since  the  living  substance  is 
constantly  breaking  down  of  itself  in  a  definite  quantity,  it  must 
constantly  be  reconstructed  if  the  animal  is  to  live.  But  this 
cannot  happen  if  no  nitrogen,  which  is  lacking  in  carbohydnites 
and  &ts,  be  given  to  the  animal.  Since,  however,  as  has  been  seen, 
animals  cannot  take  up  nitrogen  from  inorganic  compounds,  it 
follows  that  proteids,  which  alone  represent  the  nitrogenous  food- 
stuffs, are  absolutely  necessary  for  the  maintenance  of  animal  life. 
Hence  we  arrive  at  the  important  fact  that  of  all  organic  sub- 
stances proteids  alone  are  indispensable  to  the  nutrition  of 
animals,  and  in  certain  cases  also  they  alone  suffice  to  maint^iin 
the  animal's  life.  Pfluger,  therefore,  distinguishes  proteid  as  the 
primitive  food  from  the  carbohydrates,  fats,  etc.,  which  act  only 
as  substitute  foods. 

In  addition  to  food  proper  in  the  narrow  sense,  all  organisms 
take  in  oxygen — a  process  that  is  termed  respiration.  Of  course  all 
organisms  do  not  receive  oxygen  in  the  same  form  and  from  thi» 
same  source.  Terrestrial  organisms  take  it  in  the  form  of  ^wi^^ 
from  the  air ;  aquatic  organisms  use  the  oxygen  dissolved  in  the 
water;  and  the  tissue-cells  of  animals  that  are  provided  with  a 
blood-circulation,  as  well  as  many  parasitic  organisms,  withdraw  it 
from  chemical  compounds — the  tissue-cells  from  the  haemoglobin 
of  the  blood,  with  which  it  is  loosely  combined,  and  certain  pani- 
sites  from  relatively  fixed  combinations.  All  organisms  take  only 
a  certain  quantity  of  oxygen,  even  when  more  is  offered ;  their 
consumption  of  it  is  not  essentially  increased  in  a  medium  of  pure 
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oxygen.  Hence  within  certgtin  limits  living  substance  is  feirly 
independent  of  the  quantity  of  oxygen  that  is  at  its  disposal. 
But  all  organisms  without  exception  absolutely  require  for  their 
life  a  certain  quantity  of  oxygen.  If  separated  from  it  they 
invariably  die  after  a  shorter  or  longer  time.  Without  respiration 
no  life  exists. 

Finally,  all  organisms  without  exception  take  in  water,  and  with 
it  certain  saltSy  which,  in  so  far  as  they  are  not  contained  in  the 
other  food,  are  likewise  essential  to  the  maintenance  of  life, 
although  wide  diflFerences  prevail  among  the  diflFerent  organisms 
as  regards  the  kind  of  salts  required.  Salts  of  sodium,  potassium, 
magnesium,  calcium,  and  iron,  containing  phosphorus,  sulphur, 
carbon,  and  chlorine,  appear  to  be  essential  to  all  organisms. 

We  have  thus  reviewed  the  food-stuflFs  of  organisms ;  we  will 
now  consider  how  the  individual  cell  takes  in  this  food. 

2.    TIu  Mod^  of  Food' Ingestion  hy  the  Cdl 

Food-stufts  exist  partly  in  the  gaseous,  partly  in  the  liquid,  i,e., 
dissolved,  and  partly  in  the  solid  condition ;  but  by  no  means  all 
living  cells  are  able  to  take  in  solid  food.  The  great  majority  of 
all  cells,  almost  all  animal  tissue-cells,  a  great  number  of  plant- 
ci»lls,  and  many  unicellular  organisms  take  in  dissolved  food  only, 
the  latter  either  primarily  consisting  exclusively  of  dissolved  sub- 
stances, or  being  transfonned  from  the  solid  to  the  dissolved  state 
by  th(^  agency  of  certain  secretions  outside  the  cell-body.  Only 
relatively  few  kinds  of  cells  are  fitted  for  the  ingestion  of  solid 
food. 

Thi  pi'iHrss  of  inif*'fiiion  of  gaseous  and  dissolved  food-stuffs,  which 
is  ttTiiuMJ  resorption,  is  essentially  different,  according  as  the 
erlls  in  qurstit>n  do  or  do  not  |X)ssess  a  cell -membrane.  In  cells 
that  do  not  possess  w  membrane  all  dissolved  food-substances  of 
whatoviT  kind  j»j\ss  dinH*tly  into  chemical  relations  with  the  mate- 
rials ot'  tlu*  living  suKst^uice  at  the  surface  of  the  protoplasm. 
Whrrr  a  nuMubnine  is  pn^sont,  it  is  necessary  that  the  food-stuffs 
hiivr  \\w  |K>wer  of  diffusing  through  membranes.  The  substances 
that  eannot  do  this  must,  therefore,  first  be  transformed  into 
ditVusihli'  substaniH\s  in  t»nli*r  to  reach  the  interior  of  the  cell. 

Kvrn  ei»ll.  iu»\vo\er.  is  eajviible  of  ingesting  gaseous  and  dissolved 

In  plants  thr  earbouie  acid  and  oxygen  of  the  air  come  into 
direct  r»»ntai*t  with  thr  cells  of  the  leaves.  A  similar  arrange- 
ment is  tound  in  the  lungs  i>f  vertebrates.  The  finest  branches 
i>f  the  bronchial  tubes  end  in  small  blind  sacs,  the  so-called 
puhniiuan  al\»M»li,  which  are  formed  by  an  extremely  thin  layer  of 
cpitln'liuni-ccllsaiHl  arc  surrountlcd  by  a  close  network  of  likewise 
very  thiii-wallcil  bK »od -ca pi  1  la rii^s.     The  oxygen  of  the  air  inspired 
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into  the  lungs  passes  readily  through  the  thin  walls,  to  be  eagerly 
sucked  up  by  the  red  blood-corpuscles  and  transported  througnout 
the  whole  body. 

Dissolved  substances  also  always  bathe  the  surface  of  the  cells. 
In  the  plant  they  ascend  along  with  the  water  in  fine  tube-like 
canals  and  thus  are  brought  directly  to  the  cells.  In  the  compound 
animal  body  some  of  the  cells,  such  as  those  of  the  intestinal 
epithelium,  are  in  immediate  contact  with  the  dissolved  food-stuffs 
of  the  intestinal  tract,  while  all  the  other  tissue-cells  are  bathed 
by  the  blood-current,  which  brings  to  them  the  dissolved  food  in  a 
definitely  elaborated  form.  In  such  invertebrate  animals  also  as 
possess  no  proper  blood-circulatory  system,  the  cells  either  stand 
in  immediate  contact  with  the  surrounding  water  or  are  supplied 
with  juices  that  bathe  the  cells  in  fine  intercellular  spaces.  The 
simplest  relations,  finally,  exist  in  unicellular  organisms,  such  as 
Algw,  Bacteria,  and  others,  which  live  constantly  in  a  nutrient 
solution,  either  in  water  containing  salts  or  in  organic  liquids. 

The  ingestion  of  solid  food  occurs  in  only  a  few  cell-forms. 
Among  unicellular  organisms  all  Rhizopoda,  most  ciliate  Infusoria, 
and  some  flagellate  Infiisoria,  take  in  solid  food.  In  the  complex 
cell-community  this  power  is  possessed  by  the  leucocytes  or  white 
blood-corpuscles,  which,  therefore,  have  been  termed  b^Ttfetschni- 
koff  phagocytes  (eating  cells),  by  amoeboid  wandering  cells, 
which  play  in  the  lower  animals  the  rdle  of  leucocytes,  by  amoeboid 
egg-cells,  such  as  occur  in  sponges,  and  by  the  intestinal  epithelium- 
cells.  Among  these  forms  of  cells  two  types  may  be  distinguished, 
according  to  tne  manner  of  ingestion  of  solid  food.  The  one  type  is 
able  to  take  the  food-masses  into  its  living  substance  at  any 
desired  point  upon  its  surface — such  are  all  amoeboid  cells,  to  which 
belong  Ehizopoda,  leucocytes  and  intestinal  epithelium-cells ;  the 
other  type  possesses  a  special,  constant  mouth-opening — such  are 
the  ciliate  and  the  flagellate  Infvsoria,  which  have  a  definitely  fixed 
body-form  with  a  denser  cutaneous  layer.  All  cells,  however,  that 
take  in  solid  food  are  able  to  do  it  only  by  means  of  active 
movements  of  the  body. 

The  ingestion  of  food  by  Amosba  may  serve  as  an  example  of 
the  first  type.  The  process,  which  has  been  observed  in  full  only 
relatively  seldom,  takes  place  somewhat  as  follows.  An  Amosba, 
which  is  being  observed  in  a  drop  of  water  under  the  microscope, 
creeps  about  the  glass  slide  by  letting  the  living  substance  of  its 
formless  protoplasmic  body  flow  here  and  there  into  broad,  lobate 
projections  (Fig.  43).  Suddenly  it  turns  toward  a  small  alga-cell 
lying  in  the  vicinity,  and  creeps  on  until  it  touches  the  cell.  Its 
protoplasm  immediately  begins  to  flow  around  the  latter  in  the  form 
of  the  usual  lobate  pseudopodia  ;  but  the  cell  is  shoved  away  by  the 
encroaching  protoplasm  and  the  amoeba  is  obliged  to  make  a  new 
attempt  to  surround  the  cell.     After  several  fruitless  attempts  it 
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frequently  succeeds  in  bringing  the  cell  into  such  a  position  and  so 
holding  it  fast  by  a  delicate  viscous  secretion  that  its  pseudopodia 
are  able  to  grasp  the  alga  completely.  Then,  by  flowing  more  and 
more  about  the  cell,  the  protoplasm  encloses  it  gradually  on  all  sides, 
and  the  alga  finds  itself  surrounded  by  a  thin  covering  of  water,  form- 
ing the  so-called  food-vacuole,  in  the  interior  of  the  amoeba,  which 
then  creeps  on  unhindered.  Amosba,  therefore,  takes  in  solid  food 
by  causing  its  protoplasm  simply  to  surround  the  food-mass. 
But  the  act  does  not  always  go  on  so  smoothly.  The  difficulties 
that  arise  before  the  food-mass,  which  yields  continually  to  the 
pressure  of  the  encroaching  protoplasm,  is  so  fixed  that  the  proto- 
plasm can  enclose  it  upon  all  sides,  are  frequently  so  great  that  not 
rarely  the  amoeba,  with  its  pseudopodia  flowing  on  continually  in 
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Fig.  48. — Auuxha  deTouring  an  olga-cell.    Four  successive  stages  of  the  process  of  food-ingestion. 

other  directions,  is  taken  away  from  its  victim,  and  must  creep 
toward  it  anew  in  order  to  seize  it,  if  it  has  not  been  taken  entirely 
out  of  the  sphere  of  influence  of  the  food-mass. 

The  ingestion  of  food  by  other  Rhizopoda  takes  place  exactly  as 
in  the  case  of  Amoeba,  whether  they  have  pseudopodia  that  are 
thick  and  broad,  fine  and  thread-like,  or  branched  and  tree-like. 
If  the  food-bodies  are  motile  organisms,  e.g.,  Infusoria,  they 
usually  cause  the  excretion  of  a  viscous  substance  by  stimulation 
resulting  from  their  swimming  against  the  rhizopod  body  ;  this  is  in- 
creased by  stimulation  arising  from  their  attempts  to  escape  ;  hence 
they  stick  firmly  and  can  be  drawn  into  the  protoplasm.  The 
amoeboid  wandering-cells  and  leucocytes  also,  lite  Amoeba,  ingest 
solid  substances  which  exist  in  the  blood  or  in  the  interstitial  spaces 
between  the  cells.  As  the  admirable  work  of  Metschnikoff  (*83,  '84) 
has  lately  shown,  they  possess  very  great  importance  in  the  protec- 
tion of  the  body  from  infectious  diseases  by  devouring  the  bacteria 
that  have  entered  a  wound;  they  thus  prevent  the  increase  of  the  bac- 
teria and  protect  the  body  from  further  infection  (Fig.  44).  Finally, 
the  ingestion  of  microscopic  fat-droplets  on  the  part  of  the  intestinal 
epithelium-cells  represents  the  same  mode  of  food-ingestion.  In 
lower  animals — e.g.,  in  worms — these  cells  are  really  amoeboid  cells, 
and  by  means  of  their  pseudopodia  flow  around  the  fat-globules  of 
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the  digested  food  (Fig.  45,  A ).     In  the  higher  animals,  such  as  man 
and  other  mammals,  however,  the   intestinal  eL-Jls  are  somewhat 
modified.     They  are  cylindrical  cells  that  iiossess  upon  their  free 
surface,  turned  toward  the  lumen  of 
the  intestine,  a  striated  border.     As 
Thnnhoffer  (74)  has  shown,  this  stri- 
ated border  represents  really  nothing 
mure  or  less  than  fine,  jBeudopodium- 
iike,  protoplasmic  processes,  wh  ich  can 
be  extended  and  retracted,  and  with 
which  the  cells,  exactly  like  Amteba, 
flow  around  the  fat-droplet  and  draw 
it  into  its  body  (Fig.  45,  B). 

The  phenomena  are  wholly  dif- 
ferent in  the  second  type  of  food- 
ingestion,  where  the  celt  has  a  firmer 
superficial  layer  of  a  fixed  form,  and 
only  a  small  opening,  the  cell-mouth, 
which  leads  directly  into  the  liquid 
endoplasm.  Here  the  movement  of 
the  cilia  and  flagclla  of  the  cell 
exclusively  mediates  the  ingestion  of 
solid  substances.  The  delicate  Vor- 
ticdla  may  serve  as  an  example,  a 

ciliate  infueorian  whose  bell-shaped  cell-body  8itsiii>on  a  contractile 
stalk  and  bears  at  its  broad  end  a  spiral-like  circlet  of  cilia  (Fig.  46). 
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At  the  bottom  of  this  spii-al-Hke  ciliated  funnel  is  a  cell-mouth, 
which  is  prolonged  a  short  distance  into  the  protoplasm  as  the  cell- 
pharynx,  and  then  gradually  disappears  into  the  !i<|iiid  i^ndnplasn 
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The  cilia  of  fche  ciliarj'  wreath  of  the  peristome  contract  continually 
and  rhythmically,  and  in  this  way  produce  in  the  water  a  whirlpool, 
which  is  so  directed  that  it  sucks  small  particles,  such  as  detritus, 
mud,  bacteria,  algae,  etc.,  which  are  suspended  in  the  water,  into 
the  cell-mouth  ;  from  there,  surrounded  by  a  layer  of  water,  they 
are  shoved  by  contractions  of  the  body  into  the  cell-pharynx,  and 
thence  into  the  endoplasm  (Fig.  46).  The  phenomena  may  be 
very  easily  observed,  if,  according  to  Ehrenbergs  method  (*38), 
granules  of  carmine  or  indigo  be  mixed  with  the  water.  It  is  seen  at 
once  how  the  Voriicclla  engulfs  the  red  or  blue  granules  and  forms 
them  in  its  protoplasm  into  balls  which  are  surrounded  by  a  cover- 
ing of  water  and  constitute  food-vacuoles. 

The  mode  of  ingestion  of  food  by  other  Inftisoria  is  entirely  similar 
to  that  of  Vorticella.  The  free-swimming  forms  frequently  seek  fixed 


a 


Pio.  46. —  Vorticella  in  four  (luccessive  staffes  of  the  process  of  food-ingestion.    An  alga-cell  is 
being  engulfed  into  the  cell-moath  and  taken  through  the  pharjmx  into  the  endoplasm. 

food-masses  and  engulf  them.  Many  Infitsoria  even,  such  as 
Goleps,  a  small,  egg-shaped,  ciliate  form  having  a  delicate  lattice- 
like surface,  take  in  large  balls  of  food  which  are  broader  than  their 
mouth-opening  by  pressing  the  latter  upon  the  ball  by  the  force  of 
the  ciliary  contraction  so  that  the  mouth-opening,  as  in  a  snake,  is 
gradually  enlarged.  Thus  they  really  suck  the  food-balls  into 
their  bodies  (Fig.  47). 

The  ingestion  of  solid  food  on  the  part  of  the  cell  is,  therefore, 
in  every  case  brought  about  by  active  movements  of  the  cell- 
protoplasm  or  its  motile  organoids. 

In  the  ingestion  of  substances  by  the  living  ceil,  one  phenomenon 
deserves  special  mention — namely,  the  fact  of  the  selection  of  food. 
Of  the  various  cells  living  in  the  same  medium,  each  takes  to 
itself  different  materials,  and  such  as  are  necessary  for  the  forma- 
tion of  its  characteristic  substance.  This  is  clear  in  the  tissue- 
colls  of  highly  organised  animals,  such  as  the  human  body.  Here 
the  blood-plasma  is  the  common  nutrient  material  for  all  tissue- 
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wlis.  But  from  this  citraraoa  nutrient  liquid  each  kind  of  cell 
rtmoves  the  substances  necessary  for  its  life ;  the  mucous  cell 
takes  substances  different  from  those  taken  by  the  ganglion-cell, 
the  raiiscle-cell  Bubatancea  different  from  those  taken  by  the  car- 
tilage-cell, the  liver-cell  substances  different  from  those  taken  by 
'  the  sense-cell,  and  so  on.  The  different  cells  choose  entirely 
I  different  materials,  each  one  according  to  its  need, 

This  phenoDQenon  of  food-selection  is,  perhaps,  more  remarkable 
in  certaiD  free-living  cells  that  take  in  solid  food.     Cienkowski 


Ingntlug  a  lull  ot  food. 

{'65),  who  has  studied  in  detail  the  life  of  the  lowest  Bkieopoda, 
the  naked  monads,  gives  an  interesting  description  of  how  Golpo- 
deila  and  VampyreUa,  two  simple,  n^ed  rhizopod-cells,  procure 
their  food,  which  consists  of  living  alga-celis,  Cienkowski  relates 
as  follows :  "  Although  the  zoospore-  and  amiEba-conditions  of  the 
monads  arc  only  naked  protoplasmic  bodies,  their  behaviour  in 
seeking  and  ingesting  food  is  so  remarkable  that  it  seems  to  be 
the  work  of  conscious  beings.  Thus,  Colpoddta  pugnax  pierces 
the  Ohiamydomonaa,  sucks  up  the  chlorophyll  that  flows  nut,  and 
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runs  away.  A  second  rare  case  of  this  kind  is  afforded  by  Vampy- 
rel/a  Spirogyra.  The  amoeba  of  this  species  applies  itself  to  a 
healthy  Spirogyra,  bores  through  the  cell-wall  and  devours  this 
slowly  escaping  primordial  utricle  together  with  the  chlorophyll- 
bands.  It  seems  to  be  able  to  satisfy  its  hunger  upon  Spirogyra 
only."  (Fig.  48.) 

But  we  need  not  search  so  far.  In  the  human  body  there  are  cells 
that  behave  similarly.  As  Metschnikoff  ('92)  has  shown  by  his 
researches  extending  over  many  years,  the  leucocytes  or  white 
blood- corpuscles,  the  amceboid  wandering-cells,  devour  and  digest 
certain  forms  of  bacteria  present  in  the  body,  while  they  scorn 
and    even    directly   avoid    other    bacteria;    likewise,   intestinal 
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.^  Hptroffyra-cau,    A,  The  Sp^ropifni'CtH 
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epithelium-cells,  as  has  been  seen,  devour  only  fat-droplets,  while 
they  behave  wholly  paiisively  toward  other  small  particles  that  are 
brought  into  the  intestine,  such  as  granules  of  carmine. 

Finally,  another  vety  interesting  phenomenon,  which  has  to  do 
with  the  ingestion,  not  of  food,  but  of  substances  that  likewise 
play  a  role  in  the  life  of  the  organisms  in  question,  has  also 
frequently  been  referred  to,  although  incorrectly,  as  a  power  of 
selection  on  the  part  of  the  cell.  This  is  the  ingestion  of  material 
for  shells  and  capsules  on  the  part  of  certain  shell-bearing 
rhizopods.  The  Diffingice,  which  are  unicellular  fresh-water 
Jihizo^mia  whose  naked  protoplasmic  bodies  are  fixed  in  a  very 
delicate  uni-shaped  or  flask -shaped  capsule,  take  up  the  nuitorial 
for  their  tiny  dwellings  with  their  finger-like  pseudopodia  out  of 
the  mud  of  the  ijools  and  lakes  at  the  bottom  of  which  they  live.' 
The  structural  material  of  their  shells  is  very  varied,  but  in  many 
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cases  the  sheila  are  compoaed  of  one  definite  material  (Fig.  49). 
Thus,  forms  occur  that  employ  only  cases  of  the  silicious  Mga'  or 
diatoms,  whileothersempluyonlysaoil-graiiisof  certain  sizes,  and  still 
others  particles  of  mud.  It  has  been  thought  that  the  Difflugiw 
select  their  material  trom  substances  at  their  command.  But  it 
can  be  proved,  at  least  in  some  cases,  that  no  real  selection  exists 
here  in  the  same  sense  as  in  food-ingestion  by  the  above-men- 
tioned cells.  The  fact  that  forms  from  one  and  the  same  locality 
employ  only  a  certain  material  depends  mther  upon  the  circum- 


ul  ipilntcn  oF  bluo  kUvw. 


stance  that  in  the  given  locality  only  this  one  material  is  at  hand. 
If,  e.g.,  the  dwelling-place  of  the  ibnn  that  constructs  its  shell  out 
of  inud  or  substance  excreted  i'rorri  its  body  be  examined,  it  is 
found  that  here  other  materials,  perhaps  diatom-caaes  or  sand- 
giains,  are  wholly  wanting.  If,  however,  such  fonna  be  given  the 
I  possibility  of  getting  other  material,  by  the  introduction  of  very 
finely  pulverised  sand  or,  still  better,  very  finely  ground,  coloured 
^ass  into  the  culture-vessel  in  which  they  live,  it  is  found  that  the 
indiriduals  arising  by  reproduction  surround  themselves  with  a 
delicate  shell  of  sand  or  splinters  of  coloured  glass.'  The  circum- 
'  Of.  Verworn  ("OO,  1). 
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stance  that  some  shells  possess  small  sand-grains,  and  othere 
considerably  larger  ones  is  likewise  to  be  referred  in  part  to  the 
character  of  the  material  at  their  disposal,  in  part,  however,  to 
other  external  conditions,  such  as  the  narrowness  of  the  opening 
of  the  capsule,  which  does  not  allow  the  protoplasmic  body  to  draw 
through  large  sand-grains.  It  accordingly  appears  that  in  most 
cases  the  construction  of  the  capsule  by  Difflugioe  involves  no  real 
selection  of  material,  and  thus  far  no  case  has  become  known 
where  such  a  selection  has  really  been  established  with  certainty. 
There  is,  therefore,  no  justification  in  drawing  a  parallel,  as  is 
often  done,  between  the  ingestion  of  structural  material  in  the 
building  of  the  -Di^i^^ia-capsule  and  the  act  of  food-selection  by 
the  living  cell. 


B.   THE  TRANSFORMATION   OF   INGESTED  SUBSTANCES 

The  process  of  construction  of  living  substance  out  of  the  in- 
gested food-stuflFs  can  be  designated  best  by  generalising,  as  is 
frequently  done,  a  conception  of  the  botanists  and  employing  the 
word  assimilation.  By  assimilation  in  the  narrow  sense  has 
been  understood  for  a  long  time  in  botany  the  synthetic  formation 
in  plants  of  the  first  visible  organic  material,  starch,  out  of  the 
ingested  inorganic  compounds.  But  it  is  advantageous  to  extend 
the  conception  and  employ  it  also  iojf  the  construction  of  higher 
organic  compounds,  especially  the  proteids,  and,  indeed,  not  only 
in  plants,  but  also  in  animals.  By  assimilation,  therefore,  is  under- 
stood the  sum  of  the  'processes  that  lead  to  the  construction  of  living 
substance  to  the  nuiximum  of  its  most  complex  constitution,  the  syn- 
thesis of  proteids.  Construction,  or  assimilation,  can  then  be 
contrasted  with  destruction,  or  dissimilation. 


1.  Extracellular  and  Intracellular  Digestion 

"  Corpora  non  agunt  nisi  solutaJ'  This  old  dictum  plays  in  the 
life  of  the  cell  a  very  great  rdle.  In  order  that  the  ingested  food- 
stuffs may  work  chemically  and  be  of  use  for  the  construction  of 
living  substance,  they  must  be  in  a  dissolved  condition ;  since, 
however,  the  food  taken  in  by  the  organism  is  in  part  solid  food, 
it  must  first  be  transformed  into  soluble  form,  and  this  process  is 
termed  digestion.  It  has  been  seen  that  only  a  few  cells  have  the 
power  of  taking  in  solid  food ;  in  these  there  occurs  so-called  intracel- 
lular digestion,  the  transformation  of  the  solid  food  into  soluble  com- 
pounds taking  place  in  the  interior  of  the  cell.  The  great  majority 
of  cells,  however,  cannot  take  in  solid  food ;  in  them,  therefore, 
the  transformation  of  the  solid  into  the  soluble  form  must  take 
I)lace  outside  of  the  cell,  in  order  that  ingestion  may  be  possible  ; 
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this  transformation  is,  therefore,  termed  extruccUiUar  digestion,  and 
the  ingestion  of  the  dissolvetl  food,  resorption. 

The  change  of  solid  food,  such  as  coagulated  proteids,  starches  and 
fats,  into  soluble  compounds  takes  place  through  the  action  of 
definite  secretions  which  the  cell-body  gives  otf  to  the  outside. 
These  characteristic  secretions  are  called  enzymes  or  unorganised 
ferments.     The  result  of  their  action  can  be  demonstrated  outside 


pecudopcidU]  ALaDiviitB  protrude. 


the  organism  by  allowing  an  enzyme,  e.y.,  pepsin,  which  is  produced 
by  the  cells  of  the  gastric  glands,  to  act  upon  a  bit  of  coagulated 
proteid.  If,  e.g.,  there  be  placed  in  a  beaker  a  solution  of  pepsin 
in  water  to  which  has  been  added  an  equal  volume  of  0'4  per  cent. 
hydrochloric  acid,  there  is  obtained  an  artificial  gastric  juice.  If 
there  be  put  into  this  digestive  solution  a  flake  of  fibrin,  i.e.,  the 
proteid  the  spontaneous  coagulation  of  which  causes  the  clotting  of 
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the  blood  outside  the  blood-vessels,  and  the  beaker  be  warmed  in 
a  digestion-chamber  to  the  body-temperature,  it  is  found  after 
some  time  that  the  solid  flake  of  fibrin  begins  to  swell,  to  become 
transparent  upon  the  outside,  and  gradually  to  become  dissolved 
in  the  liquid.  Finally,  the  whole  flake,  as  such,  disappears,  and  in 
its  place  there  is  found  dissolved  in  the  liquid  peptone,  that  modi- 
fication of  proteid  which,  as  has  already  been  seen,  arises  by  a 
hydrolytic  cleavage  of  the  polymeric  proteid  molecule,  is  soluble  in 
water,  and  diffuses  through  organic  membranes.  Besides  the 
peptone  there  are  found  also  certain  transition-stages  between  the 
native  albumin  and  the  peptone,  which  are  likewise  soluble  in 
water  and  are  termed  albumoses.  We  shall  presently  discuss  more 
in  detail  the  peculiar  manner  of  working  of  the  ferments. 

That  which  happens,  in  extiiicellular  digestion,  outside  the  cell- 
body,  and  which  can  be  imitated  even  in  the  test-tube,  takes  place 
in  intracellular  digestion  within  the  protoplasm.  Likewise  here 
the  process  can  be  followed  best  in  the  naked  protoplasmic  body 
of  Bhizopoda.  Lieberhilhnia  is  a  large  fresh-water  rhizopod,  from 
the  egg-shaped,  membranous  shell  of  which  thick,  branching 
pseudopodial  filaments  protrude  through  an  opening  at  the  pointed 
pole  (Fig.  50).  When  the  Lieberkuhnia  seizes  and  digests^  an 
infusorian  that  carelessly  swims  against  its  pseudopodia,  it  can 
be  seen  with  the  microscope  that  the  prey  first  becomes  attached 
to  the  pseudopodia,  entangles  itself  more  and  more  firmly  by 
its  strong  efforts  to  escape,  and  gradually  becomes  surrounded 
either  wholly  or  partially  by  the  pseudopodial  protoplasm  (Fig.  51). 
For  some  time  the  movements  of  the  infusorian  continue  ;  then 
they  become  feebler,  and  at  the  same  time  its  body-form  begins 
to  change.  It  decreases  in  size  constantly,  while  the  liquid 
and  granular  parts  of  its  protoplasmic  body  pass  over  into  the 
pseudopodial  protoplasm,  mix  with  it,  and  are  no  longer  seen  to 
stream  to  the  central  body  of  the  Liebcrkiihnia.  Thus,  gradually, 
the  whole  body  of  the  infusorian  becomes  dissolved  and  its  liquefied 
contents  mix  with  the  protoplasm  of  its  captor,  until  none  of  it  is 
longer  distinguishable.  In  other  cases  of  intracellular  digestion 
the  food-body,  e.g.,  in  Ammha  and  Infii^oria,  becomes  surrounded 
by  a  food-vacuole  within  the  endoplasm,  and  is  dissolved  in  the 
same  manner  as  in  the  exoplasm  of  the  Lieberkuhnia,  Further, 
the  observations  that  have  been  made  upon  the  Inficsoina  by  Green- 
wood ('94)  are  very  interesting.  She  followed  the  fate  of  the  in- 
gested food-masses  in  the  Vorticellina:,  especially  in  Carchesiam 
(Fig.  52),  and  found  that,  while  they  are  undergoing  digestion, 
they  take  a  perfectly  definite  path  within  the  cell-body — viz., 
from  the  cell-pharynx  {Cf.  Voi'ticella.  p.  146,  Fig.  46)  to  the  bottom 
of  the  cell  and  back  to  the  mouth-opening,  where  the  undigested 
masses  are  cast  out.     It  is  very  noteworthy  that  the  food-masses 

1  Cf.  Verworn('89,  1). 
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remain  for  a  long  time  in  the  concavity  which  the  sausage-shaped 
nucleus    turns  toward  the  interior  of   the   cell,  there  chiefly  to 
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Fio.  51. — Au  olongated  pHeudopodium  of  Litberkiihiiin  in  which  an  infiworlan  (Colpidium  colpoda) 
lias  become  caught ;  a,  &,  r,  <^  e,  /,  various  stages  of  digestion  of  the  inf  usorian. 


undergo  destruction.     This  indicates  that  very  probably  the  nucleus 
takes  an  important  share  in  the  digestion  of  the  food-masses. 
Just  as  proteids  are  transformed  by  pepsin  in  an  acid  and  by 
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and  Meissner  {loc  eU.)  it  appL-ara  that  EhizopO'lii  such  as  Amaha, 
although  occasionally  baking  in  starch,  am  nGvcrtholoss  nnabl^'  to 
digest  it. 

Finally,  fats  in  extracellular  digestion  are  split  up,  likewise  with 
hydration,  by  the  fat-ferment  uteapsin  into  glycerine  and  tatty  acids, 
the  latter  \initing  with  alkalies  to  form  soaps.  Glycerine  and  soap* 
are  soluble  and  can  be  reaorbed. 
In  the  intracellular  ingestion  of 
the  neutral  fat-droplets  as  such, 
however,  a  direct  digestion  does 
not  always  take  place.  As 
Meissner  has  observed.  Avueha. 
aud  Jnfvsoria  retain  ingested  fat- 
droplets  within  their  protoplasm  for  days  iinchangeil,  and  Green- 
wood has  found  that  AmeeOa  and  Actinospkeerium  dii  not  digest 
ingested  fat  at  all. 
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2.  Ftrnienls  and  their  Mode  of  Action 

The  ferments  are  physiologically  such  an  extremely  interesting 
gronp  of  bodies  that  it  is  worth  while  to  examine  them  si>mowhat 
in  detail,  and  especially  to  bwome  acquainted  with  their  pt^culiar 
mode  of  working.  By  ferments  there  is  understood  a  gurien  a/ 
highly  complex  organic  hodies  betonginff  to  animals  ami  planttt,  tekich 
have  the  remarkable  peculiariti/  of  bringing  about  certain  chemical 
tranaformaticms  apparently  witliMit  undergoing  changes  themselves. 

When  two  substances  act  upon  each  other  in  an  ordinary  chem- 
ical reaction,  both  undergo  a  chemical  transformation.  With  the 
ferment  this  appears  not  to  be  the  case,  for,  when  a  large  (quantity 
of  a  chemical  compound  has  been  Split  up  by  a  certam  ijiiantily 
of  an  enzyme,  the  original  quantity  of  enzyme  is  found  unchanged 
in  the  liquid.  Theoretically,  an  unlimited  quanMty  of  material 
can  be  decomposed  by  a  small  quantity  of  a  ferment.  Practically, 
however,  thb  is  usually  not  possible,  because  the  effectiveneH»  of 
the  ferment  gradually  becomes  diminished  by  the  accumulation  of 
subetances  resulting  from  the  cleavage. 

It  is  a  question,  however,  whether  the  ferment,  when  acting 
upon  other  substwiceit,  really  undergoes  no  decomposition  or  is  it- 
self daitroyed  and  constantly  re-formed,  so  that  in  the  end  the  naine 
quantity  of  ferment  is  found  as  at  first.  In  inorgam'c  chemiKtry 
there  are  cases  analogous  to  each  possibility.  i 

By  the  terms  catalytic  action  and  ar^aci -action  in  tb**  ••■itiinHl  ' 
sense,  chemists  nnderstand  the  property  posnened  b>^ 

stances  of  decomposing  e  h  emical  com  poun  us  oy  simple 
Saint«-Claire  Deville  and  Debray  have  found  that  1 
be  split  up  into  carbonic  acid  and  hy& 
ferments,  but  also  by  finely  divided  II 
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enium,  the  molecules  of  the  metals  undergoing  no  change.  These 
facts  are  explained  as  follows :  It  is  known  that  according  to  the 
mechanical  theory  of  heat  the  atoms  in  every  molecule  are  in  con- 
stant vibratory  motion — a  phenomenon  that  is  termed  intra- 
molecular heat.  Upon  contact  of  the  molecule  of  the  metals  in 
question  with  the  complex  molecule  of  formic  acid  this  intra- 
molecular vibration  of  the  atoms  of  the  former  is  transferred  to  the 
latter,  and  combines  with  the  latter's  vibration  in  such  a  way  that 
another  arrangement  of  atoms  results — i.e.y  a  decomposition  of  the 
formic  acid  molecule.  According  to  a  diCTerent  idea,  it  is  the  chem- 
ical affinity  between  the  atoms  of  the  molecule  of  the  metal  and 
certain  atoms  of  the  formic  acid  molecule  that  disturbs  the  intra- 
molecular vibrations  of  the  formic  acid  atoms  in  such  a  way  that  a 
rearrangement,  i.e.,  a  decomposition,  takes  place,  without,  however, 
the  occurrence  of  a  real  combination  of  the  atoms  of  the  metal 
with  the  corresponding  atoms  of  formic  acid.  However  it  be,  in 
every  case  the  intramolecular  motion  of  the  atoms  in  the  molecules 
that  are  to  be  broken  up  becomes  disturbed,  while  the  catalytic 
molecule  of  the  metal  remains  intact.  Such  contact-actions  are 
widely  known  in  chemistry.  Thus,  hydrogen  peroxide  upon 
contact  with  finely  divided  platinum  is  changed  into  water  and  oxy- 
gen without  the  platinum  itself  being  altered. 

In  contrast  to  these  pure  contact-effects,  chemistry  recog- 
nises other  cases  in  which  the  effective  body  remains  unchanged 
only  apparently.  While  bringing  about  transformations,  it  is 
continually  altered  chemically,  but  is  immediately  re-formed  again. 
The  end-results  in  the  two  cases  must  be  the  same,  for  even  in  the 
latter  case  at  the  conclusion  the  body  in  question  is  found  in  its 
original  form.  We  have  already  become  acquainted  elsewhere 
with  such  a  case.  In  the  manufacture  of  concentrated  sulphuric 
acid  the  nitric  acid  is  continually  reduced  by  sulphurous  anhydride 
into  nitrous  acid,  to  be  re-formed  again  into  nitric  acid  with  the 
aid  of  the  oxygen  of  the  air. 

Which  of  the  two  cases  does  the  action  of  ferments  resemble  ? 
Thus  far  this  question  has  not  been  decided  with  certainty.  It  is 
very  probable,  however,  that  among  so-called  fennent-actions  both 
cases  are  present. 

In  the  large  group  of  ferments  two  kinds  are  distinguished — dis- 
solved unorganised  fcnticiits,  or  enzymes,  and  solid  ayganised  ferine7its, 
or  fcrnicnt-organmns ;  the  former  comprise  secretions  which  are 
given  off  to  the  outside  by  the  living  cell  and  cemain  constantly 
eflfective,  the  latter  consist  of  the  living  substance  of  the  cell  itself, 
with  the  life  of  which  the  ferment-action  is  associated.  While 
in  fernient-organisms  the  ferment-action  is  extinguished  with 
the  life  of  the  cell,  the  enzymes  can  be  preserved  as  long  as 
desired  as  chemical  bodies,  without  losing  their  power.  The  cells 
of  yeast  (^(irchn rainy ces)^  which  cause  the  alcoholic  fermentation 
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of  beor  (Fig.  S4),  are  fernicnt- organ  isms,  (it'coinpijsirig  grapf-sugar 
into  alcohol  and  carbonic  acid.'  They  produce,  however,  in 
addition  an  enzyme,  inrcrlm,  which  is  able  to  convert  cane-sugar 
into  grape-sugar.  The  two  actions  can  be  separated  from  one 
another.  If  the  yeaat-cells  be  killed  by  chlorofonn  or  ether,  it  is 
no  longer  possible  for  them  to  decompose  grape-sugar  into  alcohol 
and  carbonic  acid ;  but  the  power  of  the  inverting  enzyme  continues 
undiminished,  so  that  the  change  of  cane-sugar  into  grape-sug;ar 
goes  on  as  well  aa  before.  In  femient-organisms  the  li\-ing  sub- 
stance exercises  the  ferment-action  only  so  long  as  it  lives,  i.e., 
its  ferment-action  is  associated  with  nietabolism.  This  evidently 
indicates  that  in  ferment -organ- 
isms there  is  realised  the  second 
case  mentioned  above,  that  which 
is  analogous  to  the  action  of  nitric 
acid  in  the  manufacture  of  sid- 
phuric  acid ;  while  the  peculiar 
fact  that  the  action  of  the  en- 
zymes maybe  replaced  by  other  ^ 

substances,  e.g.,  metals,  suggests  luinkc.) 

the  probability  that  they  work 

also  like  finely  divided  metals  by  pure  contact.  At  present, 
naturally,  this  question  cannot  be  decided  with  absolute  certainty. 
Like  the  organised  ferments  the  enzymes  are  highly  complex  com- 
pounds, all  of  which  probably  contain  nitrt^en  and  are  derived 
from  the  metabolism  of  protcids ;  they  are  made  ineffective  by 
substances  that  enter  into  combination  with  proteids,  as  well  as 
by  boiling ;  within  certain  limits,  however,  an  increase  of  tem- 
perature is  favourable  to  ferment-action,  because  thereby  the 
intramolecular  vibrations  of  the  atoms  are  increased, 

If  the  action  of  ferment- organisms  depends  actually  upon  n 
continual  destruction  and  rebndding  of  their  own  substance,  then 
all  living  organisms  may  be  regai-ded  as  fermeut-organisms ;  for  all 
living  substance  transfoniis  tbod-stuffs  in  its  metabolism  while  not 
disappearing  itself  Hence  the  metabolism  of  living  substance  can 
be  compared  with   the  m<.'tivbolism   of   nitric  acid  in  the  above 
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3.  Asidw-ilation  aiui  DUsiiiiilathn 
a.  Assimilation 

The  digestion  of  fiHxI-Btuffs  by  the  action  of  fenneniw  is  only  a 
preparation  for  the  process  of  assimilation.  Only  after  the  food- 
stuffs have  been  brought  into  the  condition  in  which  they  can  do 
chemical  work,  i.e..  alter  they  have  become  dissolved,  can  their 
'  Cf.  p.  111. 
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function   in   the  construction   of  living   substance   begin    to   be 
exercised. 

The  process  of  assimilation  naturally  differs  much  according  to 
the  condition  of  the  ingested  food.  Differences  must  be  recog- 
nised also  in  assimilation  by  the  two  main  groups  of  organisms, 
plants  and  animals,  corresponding  to  the  differences  that  have 
been  recognised  in  their  food.  It  is 
evident  that  the  processes  that  lead 
t<i  the  formation  of  living  substance  in 
the  plant-cell  must  constitute  a  much 
longer  series  than  in  the  animal-cell, 
for  the  plant  must  construct  the  highly 
complex  proteid  molecule  out  of  the 
simplest  inorganic  compounds,  car- 
bonic acid,  water,  salts  and  oxygen, 
while  the  animal  obtains,  already 
formed,  the  proteid  food  without  which 
it  cannot  live,  and  only  needs  to  use 
this  in  its  specific  manner.  We  will 
follow  the  processes  that  lead  to  the 
a-ssimilation  of  proteids  somewhat  in 
detail  in  the  two  aeries,  so  far  as  in 
general  they  are  known.  The  lack  of 
our  knowledge  is  realised  here  as 
elsewhere. 

To  consider  first  thep/anfs,aBimple 
experiment  shows  the  first  step  which 
the  plant  takes  in  the  series  of  pro- 
cesses that  lead  to  assimilation.  In 
a  cylindrical  tube,  provided  with  a 
bulb  closed  above  (Fig.  55)  and  gradu- 
ated, a  green  leaf  is  placed  by  means 
of  a  wire,  and  a  certain  measured 
quantity  of  carbonic  aeid  is  allowed  to 
iiow  in.  The  lower  end  of  the  tube 
is  closed  by  means  of  mercury,  and 
the  whole  is  allowed  to  stand  for  some 
hours  in  the  sunlight.  If  then  the 
contents  of  the  tube  be  tested  gaso- 
metrically,  it  is  found  that  the  car- 
bonic acid  has  disappeared,  and  in 
l)lacc  of  it  an  equal  volume  of  oxygen  is  in  the  tube.  Since  the 
voliinie  of  the  carbonic  acid  is  equal  to  the  volume  of  the  oxygen 
contained  in  it,  the  experiment  proves  not  only  that  the  plant  has 
taken  up  carbonic  acid  an<l  given  off  oxygen,  but  also  that  it  has 
j^ivcn  off  as  much  oxygen  as  was  contained  in  the  carbonic  acid. 
Tlu>  lii-st  sUigc   toward  assimilation  in  the  plant  is,  therefore,  a 
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cleavage  of  carbonic  acid ;  this  takes  place  in  the  green  plant-cell 
under  the  influence  of  sunlight.  The  plant  gives  off  oxygen  to 
the  outside.  As  to  the  fate  of  the  retained^  carbon,  microscopic 
observation  gives  us  information.  It  shows,  namely,  that  in  pro- 
portion to  the  destruction  of  the  carbonic  acid  starch  is  formed  in 
the  chlorophyll-grains  themselves,  and  is  laid  down  in  the  form  of 
small,  highly  refractive  granules  (Fig.  23,  p.  81,  and  Fig.  56).  More- 
over, by  a  series  of  experiments  Sachs  has  shown  that  as  soon  as  the 
breaking-up  of  the  carbonic  acid  ceases 
in  darkness  the  formation  of  starch  also 
ceases,  immediately  to  begin  again  in 
the  light  along  with  the  destruction  of 
carbonic  acid.  Since  starch  contains,  in 
addition  to  carbon,  only  hydrogen  and 
oxygen  in  the  same  relative  proportion  as 
in  water,  it  can  be  derived  only  by  syn- 
thesis from  the  carbon  that  is  set  free 
and  the  water  that  is  received  through 
the  roots.  Starch  is,  therefore,  the  first 
j\8similation-product  to  appear. 

"  If,"  says  Sachs,  ('82),*'  starch  is  the  first 
and  sole  visible  product  of  assimilation,  it 
follows  directly  that  all  other  organic  com- 
pounds of  the  plant  miist  originate  by 
chemical  metamorphosis  from  it."  It  will 
be  remembered  that  no  carbon  was  present 
in  the  artificial  nutrient  solution  in  which 
plants  were  allowed  to  grow.^    If,  therefore, 

later  the  plant  manufactures  other  carbohydrates,  fats,and  finally  pro- 
teids,  all  of  which  contain  carbon,  it  can  employ  only  starch  as  the 
starting-point.  Of  course  almost  nothing  is  known  concerning  the 
special  chemical  transformations  which  starch  undergoes  further. 
But  an  idea  can  be  formed,  at  least  in  gross  outline,  of  the  further 
processes  of  assimilation.  The  fact  that  from  the  starch  soluble 
varieties  of  sugar  can  be  derived  very  easily  by  cleavage  with 
hydration,  is  at  once  understood  when  it  is  borne  in  mind  that 
starch  is  a  polymeric  molecule  of  the  anhydride  of  sugar.  Hence 
it  can  pass  into  the  condition  of  the  soluble  carbohydrates,  and 
this  is  necessary  in  order  to  make  possible  further  chemical  sjm- 
theses.  The  formation  of  fatty  oils  out  of  starch  can  also  be 
directly  observed.  If  unripe  seeds  of  certain  plants,  e.g.,  Pceonia, 
which  contain  carbohydrates  and  no  fats,  be  allowed  to  lie  in  moist 
air,  it  is  found  after  some  time  that  all  starch  has  disappeared,  but 
fatty  oil  has  appeared  in  its  place.  But  much  more  complicated 
is  the  origin  of  proteid  from  carbohydrates.  Since  in  addition  to 
the  atoms  of  carbohydrate  proteid  contains  nitrogen  and  sulphur, 

'  Of.  p.  138. 


B 


Fia.    56. — Starch    appearing   as 
transparent  scales  in  cluoro- 


phyll-bodies.     A,  Chlorophyll 
bodies  lyinR  in  the  cell.    B. 
Chlorophyll-bodies  undergoing 
division.    (After  Sachs.) 
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which  the  plant  receives  through  its  roots  from  nitrates  and 
sulphates  only,  complicated  transformations  of  these  salts  and 
then  syntheses  with  the  carbohydrate  atoms  must  take  place, 
the  details  of  which  are  thus  far  whollv  unknown.  As  to  how, 
finally,  the  proteid  molecule,  synthetically  formed,  is  employed 
further  in  the  living  substance  for  purposes  of  construction,  at 
present,  on  account  of  our  extremely  scanty  knowledge  of  the 
chemical  constitution  of  proteids,  we  can  say  absolutely  nothing. 
Here  an  enormous  field  is  oflFered  for  future  physiological  investi- 
gation. 

In  animalSy  the  path  from  the  ingested  food  to  the  living 
proteid  molecule  is  of  course  essentially  shorter,  for  all  animals 
without  exception  need  for  their  nutrition  proteids  already  pre- 
pared. But  what  happens  further  to  the  proteids  that  have  been 
peptonised  by  digestion  is  not  fully  known.  After  the  investigations 
of  Salvioli  ('80),  HofmeLster  ('82),  Neumeister  ('90),  and  others, 
no  doubt  can  be  entertained  that  the  peptones  as  such  disappear 
in  the  cells  of  the  wall  of  the  intestine,  in  other  words,  they 
are  transformed  in  the  cell  itself.  If  pieces  of  the  intestinal  mucous 
membrane  of  a  rabbit  be  placed  in  a  liquid  that  contains  peptone, 
in  which  the  cells  of  the  intestinal  wall  exist  during  life,  after 
some  time  it  is  found  that  all  peptone  has  disappeared.  If, 
moreover,  a  solution  of  peptone  be  injected  into  the  blood  of  an 
animal,  in  a  short  time  the  whole  quantity  of  peptone  is  excreted 
unchanged  in  the  urine ;  and  in  normal  life  the  blood  is  always 
free  from  peptones.  These  two  experiments  prove  undoubtedly 
that  the  peptones  become  changed  on  their  way  through  the  cells 
of  the  intestinal  wall.  But  little  is  thus  far  known  as  to  the  kind 
of  change  within  the  cells.  Perhaps  some  of  the  peptones  are 
broken  down  immediately  into  simpler  substances  by  a  retrogres- 
sive proteid  metamorphosis.  It  is  certain  that  many  are  changed 
back  into  proteid  and  pass  into  the  juices  of  the  body  along  with 
the  proteid  resorbed  directly  without  peptonisation.  This 
dissolved  proteid  circulates  throughout  the  body  with  the  blowl- 
current,  bathes  the  cells  of  all  tissues,  and  is  withdrawn  by  the 
cells  from  the  blood,  to  be  broken  down  within  them.  Hence  it 
happens  that  in  a  remarkably  short  time  all  the  proteid  taken  into 
the  bcxly,  beyond  a  certain  quantity,  appears  as  urea,  uric  acid, 
etc.,  in  the  urine.  Voit  ('81)  thought  that  this  proteid  that  is 
broken  down  ought  to  be  distinguished  as  "  circulating  proteid  " 
from  the  "  tissue  proteid,"  w^hich  is  employed  for  the  formation  of 
tissues,  since  he  assumed  that  the  destruction  of  the  circulating 
])rotei(l  took  place  in  the  blood,  in  the  liquids,  of  the  body.  But 
the  rujison  for  such  a  distinction  has  disappeared,  since  Pflliger 
("!).*])  Jind  Schimdorff  ('93)  have  shown  recently  by  very  careful 
iiivcsti^^'itioris  that  the  breaking-down  of  the  proteid  dissolved  in 
the  hlond  (Iocs  not  take  place  in  the  blood  itself,  but  in  the  tissue- 
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cells.  Under  certain  circuinstiinces,  however,  the  cells  also  retain 
a  small  part  of  tho  proteid  dissolved  in  the  blood,  either  employing 
it  for  the  increase  of  its  living  substance,  as  in  growth,  or  storing 
it  up  in  the  protoplasm,  as  in  fattening,  in  the  Ibnn  of  reserve, 
I.e..  passive.  prot«ia  which  is  not  ordinarily  consumed  in  meta- 
bolism. Under  certain  conditions,  as  in  fasting  or  during  the 
development  of  eggs,  such  passive,  indifferent,  reserve-pro te id 
can  again  be  drawn  into  the  metabolism.  The  vitelUn  in  egg-cella 
is  BucD  a  substance. 

Regarding  the  fate  of  the  ingested  fats  and  carbohydrates  as 
few  details  are  known  as  regarding  the  finer  transformations  of 
proteids.  The  fat  which  is  taken  as  such  into  the  cells  frequently 
remains  for  a  long  time  as  reserve-material.  Likewise  the  fat  that 
is  split  up  into  glyceiine  and  fiitty  acids  and  resorbed  can  be 
changed  back  into  neutral  fat  in  the  cell:  this  is  proved  by  the 
striking  experiments  of  J.  Munk  ("84),  who,  by  feeding  fat-free 
soaps  or  iiree  fatty  acids,  was  able  to  cause  a  stonng-up  of 
tissue-fat  in  dogs  that  had  fasted  and  become  extremely  lean.  In 
a  similar  manner  the  grape-sugar  that  is  split  off  froru  the  carbo- 
hydrates can  be  transformed  synthetically  into  glycogen  in  the 
tiasue-eells,  especially  in  the  eclls  of  the  liver  and  the  muscles, 
and  can  be  stored  up  as  such.  Regarding  the  further  fate  of  this 
stored  fat  and  glycogen,  however,  it  is  known  only  that  they  can 
be  consumed  during  fasting  and  during  excessive  muscle-work, 
that,  therefore,  they  represent  a  reserve- material  which  acts  in 
cases  of  need  as  "  compensation-food  "  in  PflUger's  sense, 

b.  Disshnilatimt 

Our  knowledge  of  the  processes  of  dissimilation  of  living  sub- 
stances is  much  more  meagre  than  that  of  assimilation.  We 
really  know  only  that  living  sulwtance  is  continually  undergoing 
decomposition,  for  this  is  apparent  from  the  output  of  decompo- 
sition-products. But  as  to  the  path  from  the  complex  proteid 
compounds  to  the  end-products,  as  to  the  special  chemical  trans- 
formations that  take  place,  our  knowledge  is  very  incomplete, 
since  as  yet  the  composition  of  prot-eids  is  fciown  very  slightly. 

But  one  fact  at  least  is  certain,  namely,  that  the  most  of  all  those 
substances  that  result  from  the  decomposition  of  the  proteid  mole- 
cule are  not  groups  of  atoms  that  were  preformed  as  such  in  the 
molecule  and  are  now  simply  split  off,  but  they  are  derived  from 
certain  cleavage-products  by  successive  syntheses ;  this  takes  place 
either  at  the  moment  of  decomposition  by  rearrangement  of  the 
atoms  in  the  proteid  molecule  itself,  as  in  the  case  of  carbonic  acid, 
or  later  outside  of  the  proteid  molecule  by  combination  with  other 
cleavage -products  and  a  simiilt-tneous  rearrangement  '   ^ 

the  Ciiso,  c^.,  in  the  fonn  ition  of  uric  acid.     Thus  far 
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that  any  pnxluct  of  proteid-dccomposition  originates  by  the  simple 
cleavage  of  preformed  groups  of  atoms. 

It  is  important  to  become  acquainted  with  the  most  essential 
derivatives  of  the  disintegrating  proteid  molecule.  As  has  been 
found  by  the  investigation  of  the  substances  that  are  contained  in 
living  substance,^  there  can  be  distinguished  among  these  products 
of  proteid  tninsfomiation  two  groups — those  containing  nitrogen, 
and  those  not  containing  nitrogen.  Representatives  of  each  group 
appear  in  every  cell,  but  their  special  comix)sition  differs  in  indi- 
vidual cases  accoitiing  to  the  chanicteristic  metabolism  of  the  cell. 

Among  the  suhstaiiecs  that  contain  nitrogen  the  most  wide-spread 
are  urea,  uric  jwiid,  hippuric  acid,  creatin,  and  the  nuclein  bases — 
xanthin,  h}i)oxanthin  or  sarkin,  giumin,  and  adenin.  Regarding 
the  majority  of  thc^se  substances,  t-nus  far  it  is  not  known  how  they 
originate  from  the  decomposition  of  j)roteids,  but  for  some  at 
l(»ast  hypotheses  concerning  their  immediate  forerunners  have  been 
formed.  Thus,  from  the  fact,  which  Schroder  discovered,  that 
ammonium  (carbonate  intrcxluced  into  the  fresh,  excised,  still-living 
liver  of  a  dog  leaves  the  liver  as  nrcn,  it  has  been  supposed  that 
ammonium  carbonate  is  the  forerunner  of  urea,  that  from  it  the 
liver- cells  ])repare  urea  by  a  transformation  of  the  atoms  and  the 
giving-ott'  of  two  molecules  of  water : — 

(NH,),C03-2H20  =  (NH2)2CO. 

But  this  is  not  conclusive,  it  is  only  a  provisional  hypothesis,  for 
th(?  possibility  is  not  to  be  excluded  summarily  that  within  the 
organism  itself  still  other  substances  are  employed  for  the  syn- 
thesis of  urea.  With  somewhat  more  eertaintv  we  know  the 
forerunner  of  vrir  acid,  which  is  that  substance  in  which,  in  rep- 
tiles and  birds,  the  greater  part  of  the  nitrogen  that  is  derived 
from  the  <lerom|)osition  of  ])roti'i<ls  leaves  the  bo<ly.  Its  forerunner 
is  ammonium  lactate.  From  exi)erinients  which  Gaglio  (*86) 
can'ied  out  upon  <logs  it  follows  that  the  hictic  acid  of  the  \AooA 
is  derived  from  the  decomjiosition  of  ])rotei<l,  for  the  quantity  of 
lactic  acid  in  the  blood  increases  and  decreases  together  with  the 
quantity  of  pn)tei(l  food,  and  is  wholly  in<le])en<lent  of  the  quantity 
of  ingested  carboliy< Irate.  While  lactic  acid  is  always  found  in  the 
blood,  un<l<'r  noniial  con<litions  no  trace  of  it  occuix  in  the  urine; 
it  must,  therefore,  undergo  transformation  before  it  is  excreted. 
Minkowski (*8())  made  these  relationscK'arbyan  exjKTiment,in  which 
he  showed  that  geese  after  th(»  extirpati<in  of  the  liver  excrete  very 
small  (]uantitii's  of  uric  acid  but  large  (juantities  of  lactic  acid  ancl 
ammonia,  hM\  of  th<'  latter  in  the  quantitative  rehitions  of  anmio- 
niuni  lactate.  From  this  inq>ortant  fact  Minkowski  rightlyccmcluded 
that  annnonium  lactate  is  a  preliminary  stage  in  the  formation  of  uric 
acid,  from  which  uric  acid  arises  by  rearrangement.     We  can  also 
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conjecture  with  great  probability  as  to  the  synthesis  of  hippuric 
acid,  which  arises  from  the  decomposition  of  proteids,  especially  in 
the  metabolism  of  herbivora.  By  boiling  with  mineral  acids  or 
alkalies  hippuric  acid  is  split  into  benzoic  acid  and  glycocoU  by 
hydrolysis,  and  by  heating  under  a  high  pressure  these  two  sub- 
stances can  again  be  united  into  hippuric  acid  with  the  loss  of 
water.  It  is,  therefore,  supposed  that  in  the  body  of  the  herbi- 
vore, where  the  possibility  exists  of  the  derivation  of  benzoic  acid 
from  proteid  or  the  aromatic  compounds  of  the  food,  and  of  glycocoU 
from  gelatine-yielding  substances  derived  from  proteid,  hippuric 
acid  is  formed  synthetically  from  these  two  substances.  As  a 
matter  of  fact,  not  only  in  the  body  of  the  herbivore,  but  even  in  the 
carnivore,  the  formation  of  hippuric  acid  may  be  brought  about 
artificially  by  introducing  benzoic  acid  into  the  stomach,  this  acid 
then  uniting  with  glycocoll  into  hippuric  acid  in  an  unkno^vn 
manner  in  the  tissues.  In  contrast  with  this,  nothing  whatever  is 
known  concerning  the  origin  of  ci^eatin.  Creatin,  together  with 
creatinin,  which  is  derived  from  it  with  loss  of  water,  is  the  sub- 
stance in  which  muscle-cells  give  off  chiefly  the  nitrogen  that  comes 
from  the  decomposition  of  their  proteid.  Just  as  little  is  known 
concerning  its  fate  as  concerning  its  origin ;  for,  although  it  is 
found  in  muscles  in  considerable  quantity,  only  small  quantities  of 
it  appear  in  the  urine  ;  hence  it  appears  to  undergo  in  some  manner 
transformations  in  the  body  itself.  Finally,  regarding  the  nuclein 
hoses,  it  is  known  only  that  they  are  derived  from  the  decompo- 
sition of  nucleins  and  their  derivatives  ;  the  details  of  the  process 
are  unknown. 

Among  the  non-nitrogenous  transformation-prtducts  of  proteids, 
the  most  important  are  fats,  carbohydrates,  lactic  acid,  and  carbonic 
acid.  These  also  are  derived  from  the  proteid  molecule,  not  by  a 
simple  cleavage  but  by  rearrangement  and  synthetic  processes.  The 
theory  that/a^  can  arise  from  proteid  by  transformation  has  been 
much  disputed.  The  pathological  process  of  the  so-called  fat- 
metamorphosis  of  cells,  m  which  fat  appears  in  the  place  of  proteid, 
so  that  at  the  end  of  the  process  the  cells  are  dead  and  filled  with 
fat,  necessarily  led  to  the  idea  that  here  proteid  is  transformed  into 
fat.  But  the  objection  was  possible  that  in  the  course  of  the 
disease  the  proteid  of  the  cell  is  forced  out  by  the  fat  coming  in 
from  the  outside.  Notwithstanding  this  possibility,  this  important 
question  has  been  decided  experimentally  in  favour  of  the  former 
view.  Leo  ('85)  made  experimental  use  of  the  fact  that  phos- 
phorus poisoning  causes  an  extremely  rapid  fat-metamorphosis, 
especially  of  the  liver-cells.  From  a  number  of  frogs  he  selected 
six  individuals  of  equal  size  and  weight,  killed  them  and  deter- 
mined their  fat-contents.  He  then  took  six  other  individuals, 
poisoned  them  with  phosphorus  and  killed  them  after  three  days. 
The   determination  of  fat   revealed   a  considerably  greater  fat- 
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contents  in  the  latter  than  in  the  former.    This  experiment  proves 
that  fat  must  actually  have  arisen  in  phosphorus  poisoning.    Franz 
Hofmann  (72),  however,  fK-rformecl  an  experiment  which  showed 
directly  the  origin  of  fat  from  proteid.    He  took  a  quantity  of  eggs 
from  the  bluobf>ttle  fly  {Musca  vomitoria)  and  divided  them  by 
weight  into  two  equal  portions.     One  of  these  portions  he  em- 
ployed for  the  detennination  of  the  fat-contents,  the  other  he  laid 
upon  blfxxl,  the  .^inall  quantity  of  fat  contained  in  which  was  like- 
wise determined.     The  lar\ai  of  the  flies  creeping  out  of  the  eggs 
fed  ujKin  the  blcxxJ  and  grew.     After  they  were  grown,  Hofmann 
determined  the  quantity  of  fat  in  them,  and  found  that  they  con- 
tained ten  times  iis  much  fat  as  the  eggs  and  the  blood  together. 
On   account   of  its  minute   quantity,  the  blood-sugar   need  not 
be  considered  in  the  fat -formation.     Hence  the  fat  could  have 
come  only  from  the  proteid  of  the  blood.    After  these  experiments 
it  is  nri   long(;r  doubtful    that   fat  can   originate   from   proteid. 
Neither  can  doubt  exist  concerning  the  origin  of  carbohydrates 
(grape-sugar  and  glycogen)  from  proteid.     It  has  been  known  for 
a  long  tirni*  that  in  severe  forms  of  diabetes  mellitus,  even  with 
complete  lack  of  carbohvdrates  in  the  food,  the  quantity  of  grape- 
sugar   excreted   in   the   urine  is   considerably  increased  by  the 
consuniptirm   of   an   increased   quantity   of  proteid.      Likewise, 
Claude  Bernard  has  observed  that  in  dogs  in  which  the  glycogen 
had  been  us(;d  up  by  fasting,  glycogen  is  stored  in  greater  quan- 
tity wh<'n  they  are  fed  abundantly  upon  pure  proteid  food ;  and  in 
.a  dog  that  had  been  fed  for  four  <lays  with  pure  fibrin  after  fasting 
twent\'-one  days,  Merin^  (77)  foun<l  more  than  sixteen  grams  of 
glycogen  in  the  liver.     Numerous  similar  observations  have  been 
marie,  an<l  th(j  origin  of  caibohydrates  from  ])roteids  is  now  assured. 
The  (origin  of  lurtic  avul  frr»iii    proteid  has  been  proved   by  the 
investigations  c^f  (laglio  (HO),  which  show  that  the  lactic  acid  of 
the  blood  depen<ls  only  u|K>n  the  cjuantity  of  ingested  proteid,  not 
upon  that  (if  thn  carbohydrates.     Finally,  that  earlmiir  acid  also, 
which  all  living  substanr-e  without  ('xcej)tion  expires  throughout 
its  life,  is  derived  from  tin*  flecomposition  of  protei<l  and  not  from 
that  of  non-nitrogenous  substances,  is  at  once  evident  from  the 
fact   that  in  carnivora   life   can   be  maintained   continuallv  with 
j)n)teid   food   alone.     This  important  fact  proves  in  gi*nend  that 
from  ))roteid  all  thosi*  substances  can  be  formed  that  are  continu- 
allv excreted  bv  the  oriranism.  as  well  as  all  the  substances  that 
are  nc.'cessary  to  maintain  life. 

Formerly  a  sharp  distinction  was  drawn  l)etween  animal-  and 
phmt-cells  as  regards  the  kind  of  chemical  transf<»nnations  that 
take  place  in  them.  It  was  sai<l  that  in  the  plants  synthetic 
processes  take  place  almost  exclusively,  in  the  ainiiials  analytic 
processes  only:  arnl  this  idea  has  |H*i>!istefl  until  recent  times.  But 
that  such  a  fundamental  dift'erence  exists  was  energetically  dis- 
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pulGii  iiiore  than  twenty  years  ago  by  PHUgcr  (75, 1).  As  ii  matter 
of  fact,  as  the  abuve  consideration  has  shown,  the  difiereuce  consists 
only  in  that  the  plant-proteid  of  the  chlorophyll-bodies  has  re- 
tained from  early  times  the  property  of  asaimilating  inorganic 
material,  while  animals  require  for  the  construction  of  their  living 
substance  organic  food-material  already  prepared.  Novertheless. 
synthetic  ana  analytic  processes  take  place  in  both  the  plant  and 
the  animal  body.  In  the  plant  the  decomposition  of  carbonic 
acid  must  precede  the  s^iithesis  of  starch  ;  in  order  that  the  starch 
may  be  further  elaborated,  it  must  first  be  decomjiosed  into  simjtle 
kinds  of  sugar,  and  so  on.  Finally,  in  the  plant  also  there  occurs 
the  whole  series  of  cleavages  that  are  associated  with  the  decom- 
position of  the  proteid  molecule,  with  dissimilation,  exactly  as  in 
the  animal  body.  But  syntheses  take  place  in  the  animal  body 
to  a  great  extent.  The  further  elaboration  of  the  digested  pro- 
teids,  fata,  and  carbohydrates  towards  the  construction  of  living 
substance  involves  extended  synthetic  processes,  and  it  has  been 
seen  that  the  majority  of  the  products  of  retrogressive  proteid- 
metamorphosis  are  formed  synthetically  out  of  the  cleavage- 
products  of  the  proteida.  Hence  analytic  and  synthetic  processes 
go  hand  in  hand  in  the  animal-  as  in  the  ptant-c«ll,  and  the  old 
distinction  into  analytic  and  sjTithetic  organisms  is  merely  the 
expression  of  an  earlier  stage  of  our  knowledge  of  the  chemical 
processes  in  living  substance. 


I 


C.  THE  OUTPUT  OF   SUBSTANCES 

Living  substance  exci-etes  transformation-products  in  the  same 
proportion  in  which  it  receives  substances  from  the  outside  and 
transforms  them  ;  the  substances  given  out  are  as  varied  as  those 
taken  in.  But  with  our  slight  knowledge  of  the  transformations 
and  with  the  overwhelming  number  of  substances  excreted  by  the 
various  forms  of  cells,  we  can  say  in  a,  veiy  few  cases  only  by  what 
processes  the  substances  are  derived.  Aa  regards  most  of  them,  it 
is  not  known  whether  they  are  derived  from  assimilatory  or  dis- 
similatory  transformations;  evidently  a  large  quantity  of  by- 
products are  formed  in  both  the  ascending;  and  the  descending 
portions  of  the  metabolic  series,  whether  by  simple  cleavage,  or 
by  synthesis  from  the  cleavage-pixtducts  or  other  substances 
which  are  excreted  by  the  organism  either  for  some  further  use  or 
aa  useless  products.  This  lost  point,  as  to  whether  the  excreted 
substances  are  of  still  further  use  in  the  life  of  the  organism,  or 
are  removed  as  useless  products,  as  slag,  has  caused  a  distinc- 
tion to  be  recognised  among  the  substances  given  off.  Although 
it  is  difficult  to  make  this  distinction  sharp,  because  oi'  the  ex- 
traordinaiy  variety  of  different  products,  the  use  of  it  is  advisiible 
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from  practical  considerations.  The  substances  given  off  from  the 
cell,  among  which  occur  gaseous,  liquid,  and  solid  substances  in  all 
grades  of  consistency,  are  distinguished  as  secretions  when  they 
play  a  still  further  useful  rdle  in  the  life  of  the  organism,  and  as 
fxccretions  when  they  are  removed  to  the  outside  as  useless  residua 
Accordingly,  secretions  are  contrasted  with  excretions.  We  will 
look  for  a  moment  somewhat  in  detail  at  the  two  groups  of  sub- 
stances and  at  the  mode  of  their  output. 


1.   The  Mode  of  Output  of  Substances  by  the  Cell 

Like  the  taking-in  of  food,  so  also  the  manner  of  output  of 
substances  varies,  according  as  the  latter  are  gaseous,  dissolved  or 
solid. 

The  output  of  gaseous  or  dissolved  substances  evidently  takes 
place  under  the  same  conditions  and  in  the  same  manner  as  such 
substances  are  taken  in,  for  here  there  is  the  same  process  reversed. 
In  many  cells,  e.g.,  in  many  unicellular  organisms,  it  is  very  probable 
that  the  so-called  contractile  vacuole  (Fig.  57),  a  drop  of  liquid 
within  the  cell  which  is  alternately  emptied  and  filled  by  rhyth- 
mical contractions  of  the  protoplasm  of  its  wall,  attends  to  the 
expulsion  of  dissolved  substances.  It  is  supposed  that  the  latter, 
together  with  the  water  that  during  the  diastole  of  the  vacuole 
streams  in  from  all  sides  out  of  the  protoplasm,  accumulate  in  the 
vacuole  and  at  its  systole  are  given  off  to  the  outside. 

It  is  clear  that  every  cell  excretes  primarily  substances  that  are 
derived  from  its  own  metabolism.  But  in  the  compound  cell- 
community,  especially  of  the  animal  organism,  there  exist  also  cells 
which  in  addition  have  undertaken  for  the  whole  body  the  excre- 
tion of  certain  other  materials.  Thus,  the  cells  in  the  convoluted 
uriniferous  tubules  of  the  kidney  excrete  the  urea  that  is  prepared 
by  the  liver-cells  and  passed  into  the  blood,  by  receiving  it  from 
the  blood  and  giving  it  off  to  the  outside.  Other  cells  of  the 
kidney,  those  of  the  so-called  glomeruli,  the  microscopic  capsules 
in  which  the  blood-capillaries  are  twisted  into  knots,  greedily  suck 
up  the  water  from  the  blood  to  excrete  it  as  the  water  of  urine 
into  the  pelvis  of  the  kidney. 

In  the  mode  of  output  of  solid  substances  two  types  again  are  dis- 
tinguished. They  are  essentially  different  according  as  the  excreted 
substances  either  occur  in  the  cell  itself  in  a  dissolved  condition,  and 
become  solid  only  at  the  moment  of  excretion,  or  lie  within  the 
living  substance  as  solid  masses,  which  are  to  be  given  off  as  such 
to  the  outside. 

In  the  former  case,  which  is  realised  in  the  excretion  of 
most  skeletal  substances,  such  as  chondrin,  chitin,  and  lime,  the 
same  conditions  are  present  as  in  the  excretion  of  dissolved  sub- 
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stances  in  general,  except  that  sooner  or  later  after  their  exit 
from  the  living  cell  the  substances  assume  a  solid  form.  The 
solidifying  of  tne  excretions  at  the  surface  does  not  prevent  the 
repetition  of  the  process,  and  thiis  eventiialH  all  substances  of  the 
kind  become  excrete<i  anci  solidified  upon  the  outiide  Thus 
originate  the  cell-nienibranes  of  tissue-cells  the  cellulose  coats  of 
plant-cells,  the  chitinous  coats  of  insects,  and  the  calcareous  shells 
of  Foraminifera. 

This  process  and  at  the  same  time  the  mode  of  growth  of  these 
superficial  structures  can  be  illustrated  bj  an  expenment  which 


tr« 


outmctllo  vitcucile  Ilea  li 
poLe  In  4  HtAr-HhHped  c< 
loniir  Ls  iKgliitilug  lo  fil 


ucuole :  tfae  upper  In  in  tb*  tct 
m  Hvond  finuul  drope  of  liquid 


was  suggested  by  Traube,  and  was  much  discussed  in  his  time. 
If  a  drop  of  a  thick  solution  of  gelatine  be  allowed  carefully  to  iaW 
into  a  solution  of  tannin,  there  appears  about  the  drop  a  so-called 
precipitation -membrane  of  gelatine  tannate,  since  at  the  surfaces 
of  contact  of  the  gelatine  and  the  tannin  the  two  substances 
undergo  a  chemical  combination.  This  itrecipitation-membrane 
shows  the  peculiar  phenomena  of  growth  ooth  in  surface  and  in 
thickness,  and  on  account  of  its  similarity  to  a  living  cell  Traube's 
drop  of  gelatine  in  the  tannin  solution  has  been  termed  an  "  arti- 
ficial cell."  Since  the  gelatine  solution  attracts  water  to  itself, 
tannin  in  solution  comes  constantly  through  the  membrane  to  the 
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drop.  At  the  surface  of  the  latter  the  tannin  is  united  with  the 
gelatine,  and  thus  the  continual  apposition  of  new  layers  leads  to 
the  thickening  of  the  membrane.  The  water,  however,  presses 
into  the  interior  of  the  drop,  so  that  this  constantly  swells  and 
increases  in  size.  By  this  process  there  appear  continually  in  the 
precipitation-membrane  extremely  fine  holes  and  cracks;  these, 
however,  become  closed  by  new  precipitate  at  the  moment  of 
their  appearance.  Thus,  the  artificial  cell  grows  continually  and 
uniformly  larger  until  all  the  gelatine  is  in  combination.  The 
formation  and  growth  of  the  membrane,  which  in  the  large  drop 

take    place   relatively   rapidly,    proceed 
very  gradually  in  the  small  living  cell. 

In  botany  a  fruitless  discussion  has 
been  going  on  for  a  long  time  over  the 
question  whether  the  cellulose-membrane 
of  the  plant-cell  is  formed  by  intussuscep- 
tion, i.e.,  by  the  deposition  of  new  particles 
between  the  old  ones,  or  by  apposition, 
i.e.,  by  the  deposition  of  particles  upon 
the  outside.^  This  discussion  arose  in 
connection  with  Niigeli's  unhappy  com- 
parison of,  or  rather  distinction  between, 
growth  in  crystals  and  growth  in  organ- 
isms. Lately  the  view  has  been  gradu- 
ally accepted  that  both  modes  lead  to 
the  growth  of  the  membrane — the  one 
to  growth  in  surface,  the  other  to  growth 
in  thickness.  If  the  protoplasmic  body 
of  the  cell  itself  is  enlarged,  the  membrane  is  extended.     In  the 

Erocess,  as  a  rule,  no  actual  cracks  appear,  as  in  the  artificial  cell, 
ut  as  a  result  of  the  extension  the  spaces  between  the  single 
particles  of  the  membrane  become  wider  and  larger,  so  that  new 
particles  of  protoplasm  can  enter  in.  But,  on  the  other  hand,  the 
stratification  of  the  membrane  parallel  to  the  surface,  which  is 
visible  under  high  magnifying  powers  and  with  increasing  thickness 
becomes  constantly  more  distinct,  shows  that  increase  in  thickness 
by  apposition  is  also  present  (Fig.  58). 

If  the  cells  in  their  metabolism  pnxluce  substances  and  excrete 
them  to  the  outside  continually,  extensive  solid  masses  are  gradually 
formed,  which  in  multicellular  tissues,  whore  the  products  of  the 
individual  cells  blend  together,  form  the  so-called  intercellular 
substances,  such  as  in  cartilage  an<l  bone  (Figs.  51)  and  60).  But 
the  substances  are  not  ahvavs  excreted  at  once  to  the  outside ;  in 
many  crises  they  are  stored  up  as  a  solid  mass  in  a  vacuole  in  the 
cell  itself,  particle  after  particle  being  added  to  them  as  in  a 
crystal.     Thus,  starch-grains  in  plant-cells,  and  calcareous  needles 

^  Of.  p.  122. 


Fio.  58.— Cell-wall  of  a  pith-coll  of 
ClematU,  showing  stratified 
growth  in  thickness.  (After 
Strasburger.) 
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inid  stars  in  echinocierms  and  sponges,  are  formed  within  the  cell 
itself,  and  only  after  they  havf  reached  a  certain  size  are  they 
given  off  to  the  outside  by  the  cuatoniai'y  mode  of  excretion  of 
solid  bodies  (Fig.  61). 

Ameeba  shows  bf  st  the  mode  of  excretion  of  substances  that  lie 
in  the  mtcnor  of  tht,  cell  as  solid  masses.     It  has  been  seen  that 


in  the  ingestion  of  food  by  Amcela  the  food-ball  enclosed  in  & 
food-vacuole  lies  finally  within  the  protoplasm.  In  this  vacuole, 
which  may  be  termed  a  digestive  vacuole,  all  digestible  .substance 
becomes  dissolved,  and  passes  into  the  protoplasm  ;  but  the  indigest- 
ible residue,  such  as  shells  of  algie  and  of  diatoms  and  the  chitinous 
masses  of  rotifers,  remain  in  the  vacuole,  and  become  excreted 
in  the  following  manner:  By  the  creeping  of  the  Amoeba  the 
digestive  vacuole  in  the  streaming  protoplasm  comes  to  lie  very 
near  the  surface,  so  that  its  contents  are  separated  from  the 
modiuui  merely  by  a  thin  delicate  wail  of  protoplasm.  In  such  a 
case  the  wall  breaks  very  easily  by  the  ])rotopiasm  flowing  in  all 


directions  away  from  the  thinnest  place,  and  the  contents  of  the 
vacuole  together  with  the  solid  mass  are  emptied  to  the  outside 
(Fig,  62).  This  mode  of  removal  of  solid  constituents  from  the 
protoplasm  is  found  exclusively  in  cells  that  <lo  not  possess  a 
membrane,  and  hence  chiefly  in  amceboid  cells  of  all  kinds 

A  transition  between  the  method    "  '  '"  '--  ->Hb  and  that 

of  solids  is  represenlfd  by  ihe  st  ■  mucous 
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cells,  which  in  the  compound  organism  play  so  very  important  a 
■r6U  in  protecting  the  internal  surfaces  and  keeping  them  smooth 
and  moist  by  their  secretion  of  mucus,  are  always  cylindrical. 
The  nucleus,  surrounded  by  somewhat  more  solid  protoplasm,  lies 
at  the  bottom  of  the  cell-body,  while  the  upper  end  of  the  cell, 
which  borders  the  free  surface  of  the  membrane,  is  formed  by  a 


substance,  mucigen,  that  is  continually  being  transformed  into 
mucus.  During  the  quiet  activity  of  the  cell  a  little  of  the 
secretion  passes  constantly  to  the  thin  liquid  layer  that  covers  the 
surface  of  the  tissue.  But  during  energetic,  sudden  secretion 
the  whole  mass  that  forms  the  upper  part  of  the  cell  is  shoved 
out  (Fig.  63)  and  blends  with  the  drops  cast  out  of  the  neieh- 
bouring    cells    into   a    thick,  gummy  covering  of  mucua     The 


]»eculiai-ity  of  many  holothurians,  those  cucumber-shaped  forms 
of  (■chino<lorms,  of  transforming  their  thick,  solid  skins  upon 
stimulation  in  a  short  time  into  a  glistening,  viscous  slime,  is  very 
i-emarkable  and  not  yet  explained.  In  general,  the  cell-physio- 
logical investigation  of  the  process  of  secretion  ])rotniscs  to  afford 
miiny  very  interesting  general  physiological  facts. 
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2.  Secretions  and  Excretions 

It  is  neither  necessary  nor  possible  to  examine  here  in  detail 
the  whole  series  of  secretions  and  excretions  which  plant  and 
animal  cells  afford  in  their  metabolism ;  our  consideration  shall 
therefore,  be  limited  to  the  most  important  of  these. 

a.  Secretions 

Since  it  is  characteristic  of  secretions  to  be  of  use  to  the 
organism,  it  is  easy  to  understand  that  many  secretions  remain 
continually  within  the  organism  and  are  not  given  off  to  the 
outside.  Hence  two  groups  of  secretions  can  be  distinguished, 
according  as  after  their  formation  they  are  at  once  given  off  or 
are  retained  continually  in  the  organism,  whether  in  the  cell  or 
upon  its  surface  ;  in  neither  case  in  the  cell-community  of  the  com- 
pound organism  is  it  always  necessary  that  the  secretion  be  of 
use  to  that  particular  cell  that  affords  it. 

Among  the  secretions  that  after  their  production  leave  the  organism 
there  are,  in  the  first  place,  the  ferments^  which  have  to  do  with 
digestion  and  appear  in  both  animals  and  plants.  Thus,  in 
ammals  the  cells  of  the  salivary  glands  produce  ptyalin,  which 
transforms  starch  into  grape-sugar ;  the  cells  of  the  gastric  glands, 
pepsin,  which  peptonises  proteids,  and  rennet-ferment  or  chymosiii, 
which  mediates  the  coagulation  of  casein ;  and  the  cells  of  the 
pancreas  ptyalin  for  the  digestion  of  starch,  trypsin  for  the  pep- 
tonising  of  proteids,  and  stcapsin  for  the  splitting  of  fats.  Ferments 
occur  likewise  in  plants,  such  as  the  so-called  carnivorous  plants, 
which  catch  insects,  hold  them  and  digest  them  by  the  secretion  of 
peptonising  ferments.  An  example  of  such  a  plant  is  Drosera,  which 
grows  in  the  swamps.  Whether  the  very  effective  ferments  that  are 
produced  in  the  milky  juice  of  some  plants,  such  as  Carica  papaya, 
and  are  not  cast  out  upon  the  surface,  are  to  be  regarded  really  as 
secretions  in  the  present  sense  or  only  as  excretions  (by-products  of 
metabolism)  is  thus  far  not  decided,  since  the  significance  of  these 
in  the  life  of  the  plant  has  not  yet  been  discovered.  In  unicellular 
organisms,  further,  the  ferments  are  of  great  importance  for  the 
nutrition  of  the  cell  when  these  organisms,  as  is  the  case  with  the 
bacteria,  come  into  contact  with  organic  food  and  are  obliged  first 
to  liquefy  solid  food-stuffs  in  order  to  be  able  to  absorb  them. 

Other  secretions,  such  as  the  wide-spread  mucin,  of  which  mucus 
consists,  are  of  great  importance.  Mucin  protects  the  cell  itself 
from  external  influences  that  can  harm  it,  such  as  direct  contact 
with  objects;  with  strong  stimulation  the  mucous  cell  produces 
a  thick  layer  of  mucus  separating  the  former  from  the  body  that 
touches  it ;  this  is  the  case  with  the  mucous  ceL'      **  ' '     *^'-inhfta 
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when  a  foreign  body  comes  into  the  throat.  Further,  the  mucus 
of  the  saliva  serves  to  make  masticated  food  smooth,  so  that  the 
masses  of  food  can  glide  more  easily  through  the  narrow  gullet. 
In  this  lies  the  chief  importance  of  the  saUva  in  man ;  here,  on 
account  of  its  too  brief  action,  the  ptyalin,  which  works  only  in 
an  alkaline  liquid,  and  hence  in  the  acid  gastric  juice  is  made 
immediately  ineffective,  can  hardly  exercise  its  amylolytic  power. 
Finally,  mucus  serves  for  attachment,  especially  in  the  lower 
animals  and  unicellular  organisms.  Khizopoda  secrete  upon  the 
surface  of  their  protoplasmic  bodies  a  delicate  mucous  covering 
with  which  they  stick  themselves  to  the  bottom  in  order  to  creep 
about,  and  with  which  also  they  hold  fast  food-organisms  that 
swim  against  them,  in  order  to  draw  the  latter  into  their  own 
bodies  and  digest  them.  A  similar  importance  as  protective 
media  is  possessed  by  the  fats  which,  such  as  the  sebum,  are 
produced  by  the  sebaceous  glands  of  the  skin ;  they  protect  the 
skin  from  too  great  evaporation  and  render  it  supple. 

Further,  as  Stahl  ('88)  has  shown  by  a  series  of  experiments, 
many  secretions  act  in  a  different  manner  solely  as  protective 
media  in  animals  and  especially  plants;  such  are  ill-smelling  or 
ill-tasting  acids  and  ethereal  oils.  The  organisms  are  protected  by 
them  from  being  devoured.  Most  of  these  cases  present  interest- 
ing phenomena  of  adaptation  to  definite  conditions,  which  have 
arisen  through  natural  selection  and  constitute  contrivances 
advantageous  to  the  organism.  The  same  is  true  also  of  other 
cases  in  which  plants,  by  means  of  good-smelling  and  good-tasting 
secretions,  such  as  ethereal  oils  and  honey,  attnict  insects  whose 
coming  and  going  are  useful,  perhaps  indispensable,  to  the  plants ; 
the  animals  bear  away  pollen  upon  their  legs  and  deposit  it 
upon  the  female  flowers  so  that  the  latter  are  fertilised.  Such 
adaptations,  often  astonishingly  fitting,  are  especially  common 
among  plants,  and  the  physiology  of  secretion  touches  here  most 
closely  the  interesting  field  of  the  mutual  relations  of  plants  and 
animals. 

Finally,  as  secretions  in  the  widest  sense  there  may  be  recognised 
also  substances  produced  in  the  cell,  such  as  starch,  alcuronC' grains, 
fat'droplets,  etc.,  which  are  stored  in  the  cell  for  a  time  as  reserve- 
material  and  later  are  used  in  metabolism. 

Among  the  secretions  that  after  their  j)roduction  remain  in  the 
organism,  there  belong  almost  exclusively  pigments  and  substances 
that  form  skeletons.  The  former  appear  mostly  in  the  form  of 
tine  granules,  remain  continually  in  the  cell-body,  and  possess  a 
special  importance  in  the  colour-changes  of  the  animal,  which  is 
n(>t  yet  entirely  explained.  The  great  majority  of  skeleton- 
ton  iiing  substances  are  excreted  to  the  outside.  Sometimes  they 
are  laid  down  within  the  cell  itself  and  later  extruded,  as  are  the 
calanrous  needles  and  plates  of  the  Holothuria ;  sometimes  they 
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„,3  secreted  at  imcp  upon  the  surface  of  the  cell  in  the  tbrni  i-f 
membranes,  shells,  antt  coatings,  such  as  cell-membranes,  the 
(w/iitfose-memhrane  of  plant-cells,  the  chitinous  coats  of  insects, 
the  ailieiints  cases  of  diatoms,  the  delicate  latticed  skeletons  of 
Badiolaria-  (Fig.  64),  and  the  calcarcnm  shells  of  Fcn-arnvnifem : 


Pla.  M.— SlIk'lauBslceluUiiiaDf  XndiDlaria.    <A(t«r  Howkel.)    A.  D«ml<ui,ii,  B.  Tkamtunt. 

and  sometimes  they  are  stored  in  the  tissues  between  the  in- 
dividual cells  as  the  3i>-called  connective  subxtancs,  such  as  ckondnu 
in  cartilage,  ghUin  in  bone,  calcmvi  pfutsphaie  in  bone,  and  the 
great  number  of  supporting  or  skeletal  substances  which  belong 
to  the  albuminoid-*  and  in  the  different  groups  of  animals  have 
compositions  very  different  and  as  yet  little  known. 


b.  Ej-o-dions 

The  excretions  are  much  fewer  in  number  than  the  secretions, 
Chief  among  them  are  the  products  of  retrogressive  proteid- 
metamorphosis  which  arc  excreted  by  all  living  substance. 

Among  gaseous  excretions  the  most  important  one,  whose  pro- 
duction is  associated  with  the  life  of  every  cell  without  ex- 
ception, is  earb&nic  acid,  the  end-prodnct  of  respimtion ;  it  is 
produced  chiefly  by  the  oxidation  and  the  decomposition  of 
proteid,  but  under  certain  circumstances  by  the  fermentation  of 
carbohydrates.  As  has  already  been  seen,  in  addition  to  carbonic 
aeid,  plants  excrete  oxygen,  which  is  derived  from  the  splitting-up 
of  the  carbonic  acid  received  from  their  green  pai-ts.  It  has, 
therefore,  been  thought  that  the  supposed  contrast  in  the  meta- 
bolism of  plants  and  of  animals,  already  spoken  of,  is  to  be  found 
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in  the  fact  that  plants  take  in  carbonic  acid  and  give  out  oxygen, 
while  animals,  vice  versa,  take  in  oxygen  and  give  out  carbonic 
acid.  But  later  experiments  have  shown  that,  in  reality,  this 
contrast  does  not  exist.  It  is  true  that  animals  inspire  oxygen, 
employ  it  for  the  combustion  of  living  substance,  and  expire 
carbonic  acid  as  the  product  of  such  combustion.  But  plants 
do  the  same.  In  them  this  fundamental  vital  phenomenon 
of  respiration  is  merely  concealed  by  the  consumption  and  the 
splitting-up  of  carbonic  acid ;  the  latter,  however,  has  nothing  to 
do  with  respiration  itself,  but  is  preliminary  to  the  construction 
by  the  plant  of  the  first  organic  substance  out  of  inorganic 
materials.  If  the  metabolism  of  plants  be  examined  at  a  time 
when  no  starch- formation  is  going  on,  when  no  carbonic  acid  is 
being  split  up,  but  when  the  life  of  the  plant  is  being  expressed 
in  other  ways,  as  in  the  night  or  in  darkness,  it  is  found,  bj' 
gasometric  experiments  analogous  to  those  above  described,  that 
the  plant  consumes  oxygen  and  expires  carbonic  acid  like  the 
animal.  In  the  plant,  therefore,  the  process  of  respiration  is  not 
to  be  confounded  with  the  process  of  assimilation  of  starch :  the 
latter  requires  carbonic  acid  to  be  taken  in  and  split  up  and 
oxygen  to  be  given  out,  and  thus  conceals  the  respiration  which 
is  constantly  taking  place  beside  it.  Respiration,  i.e.,  the  taking-in 
of  oxygen  and  the  giving-out  of  carbonic  acid,  is  a  general  metabolic 
phenomenon. 

Among  liquid  excretions  xoater  occurs  everj^vhere,  and  sub- 
stances dissolved  in  water.  Because  of  the  small  quantity  of 
these  various  excretions,  in  the  present  state  of  micro-chemical 
reactions  it  is  usually  not  possible  to  demonstrate  them  for  the 
individual  cell ;  hence  they  must  be  studied  in  the  compound  cell- 
community.  In  the  plant,  water  is  excreted  and  evaporated 
during  transpiration  through  the  so-called  stomata  of  the  leaves. 
By  the  action  of  special  guard-cells  the  stomata  can  be  closed  and 
opened,  and  thus  the  output  of  water  by  the  plant  can  be 
regulated  very  delicately.  In  animals  there  are  special  glands, 
the  kidneys  and  sweat-glands,  the  cells  of  which  excrete  the 
water,  together  with  the  products  of  retrogressive  proteid-meta- 
morphosis,  out  of  the  body-liquids,  and  pass  them  to  the  outside. 

Most  of  the  non-nitrogenmts  products  of  proteid-decomposition 

are  oxidised  completely  to  carbonic  acid  and  water,  so  that  the 

latter  leave  the  body  as  the  almost  exclusive  end-products.     But 

mediate  products  also  arise,  which,  excreted  by  certain  cells, 

a  different  fate  within  the  body.     This  is  true  especially  of 

ticidf  which,  among  other  things,  is  excreted  by  the  muscle- 

into  the  blood  and  can  be  found  there,  but  does  not  leave 

Dody  as  such  in  the  urine.    That  sarco-lactic  acid  or  para-ltvctic 

is  derived  from  the  decomposition  of  proteids,  and  not  from 

ogested   carbohydrates,   is   proved    by   the    experiments   of 
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Gaglio  ('86),  already  mentioned.  But  the  sarco-lactic  acid  is 
still  further  transformed  in  the  body,  for,  as  has  been  seen,  the 
experiments  of  Minkowski  ('86)  upon  geese  in  which  the  liver 
was  extirpated  have  shown  that  lactic  acid,  presumably  combined 
with  ammonia,  is  consumed  in  the  synthesis  of  uric  acid. 

The  nitrogenous  products  of  proteid-decomposition  are  the  well- 
known  substances  which  have  already  been  met  with  frequently, 
especially  urea,  uric  acid,  hippuric  acid,  creatin,  and  the  nuclein 
bases,  xanthin,  hypoxanthin  or  sarkin,  adenin,  and  guanin.  These 
are  excreted  chiefly  in  the  urine  and  represent  the  compounds  in 
which  all  the  nitrogen  taken  in  in  the  food  leaves  the  body, 
apart  from  an  inconsiderable  quantity  in  the  sweat  and  the  faeces. 

The  last  fact,  that,  with  the  exception  of  the  minute  quantity 
in  the  sweat  and  the  faeces,  all  the  nitrogen  is  excreted  in  the 
urine,  has  assumed  great  importance  in  the  physiology  of  animal 
organisms  in  connection  with  the  circumstance  that  proteids 
and  their  derivatives  are  the  sole  nitrogenous  substances  in 
organisms.  But,  unfortunately,  it  has  led  to  a  false  conclusion, 
which  in  itself  would,  perhaps,  have  had  no  immediate  influence 
upon  the  development  of  fundamental  physiological  ideas,  had  not 
far-reaching  and  weighty  deductions  been  drawn  from  it.  It 
follows  necessarily  from  the  above-mentioned  fact  that  all 
nitrogen  excreted  in  the  urine  must  be  derived  from  the  decom- 
position of  proteid ;  but  the  further  conclusion  which,  it  has  been 
thought,  must  be  drawn  from  it,  does  not  follow,  namely,  that  the 
nitrogen  excreted  in  the  urine  is  a  measure  of  the  proteid-trans- 
formation  in  the  body.  The  latter  conclusion  would  be  justified 
only  if  it  were  known  that  all  nitrogenous  cleavage-products  of 
the  proteid  molecule,  without  exception,  leave  the  body.  But 
there  is  no  ground  for  such  a  belief;  on  the  contrary,  no  fact  what- 
ever is  known  which  contradicts  the  idea  that  nitrogenous  cleavage- 
products  of  the  proteid  molecule  can  rebuild  themselves  syn- 
thetically again  into  proteid  with  the  aid  of  new  non-nitrogenous 
groups  of  atoms.  This  latter  possibility  has  been  overlooked,  and 
in  consequence  views  have  arisen,  especially  in  relation  to  meta- 
bolism in  muscle,  which,  a  'priori,  bear  in  themselves  the  stamp 
of  improbability,  but  which  have  been  accepted  and  handed 
down.  Recently  they  have  been  attacked  and  criticised  by 
Pfluger  C91). 

To  the  excretory  substances  resulting  from  retrogressive  pro- 
teid metamorphosis  one  more  group  can  be  added,  the  members 
of  which  likewise  are  derived  from  the  transformation  of  proteids, 
chiefly  in  the  metabolism  of  bacteria.  These  are  the  so-called 
ptomaines,  some  of  which,  on  account  of  their  very  poisonous  action, 
have  lately  been  termed  toxiTies.  Upon  their  poisonous  action 
chiefly  depends  the  serious  illness  in  the  infectious  diseases  pro- 
duced  by  bacteria,   such  as  cholera,   dysentery,   diphtheria,   and 
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typhoid  fever.  The  chemical  composition  of  these  substances  has 
become  somewhat  better  known  recently,  especially  through  the 
comprehensive  and  exliaustive  labours  of  Brieger  ('85-'8G).  Some 
of  them,  the  ptomaines  that  were  first  found,  which  are  produced 
by  the  putrefaction  of  proteid  substances  through  the  metabolism 
of  the  putrefactive  bacteria,  as  in  dead  bodies,  are  nitrogenous 
bases  that  are  related  to  the  so-called  alkaloids  or  vegetable  bases, 
which  arise  in  the  plant-body  and  likewise  represent  very 
poisonous  excretory  substances. 

Finally,  we  may  refer  here  briefly  to  a  very  interesting  series  of 
substances  which  are  produced,  likewise,  by  the  metabolism  of 
bacteria   chiefly,  but   also   of  very  many  other  cells,  and   very 
recently  have  attracted  the  attention  of  investigators.     These  are 
the  toxaUnimins,  poisonous  proteids,  which  are  produced   in  the 
metabolism  of  the  cells  by  transformation  from  other  bodies,  and 
in  the  pathology  of  infectious  diseases  play  an  important  rdle. 
Most  of  these  toxalbumins  are  globulins  and  albumoses.     Thus, 
the  active  constituent  of  tuberculin,  which   was  obtained   some 
time   ago    by   Koch   from   the   metabolic    products   of   tubercle 
bacilli,  is  a   toxalbumase,   which    in   small   doses   is    extremely 
poisonous.     By  the  production  of  another  toxalbumose  the  bacilli 
of  diphtheria  cause  very  characteristic  phenomena  of  poisoning  in 
the   bodies  of  persons  ill  with  diphtheria,  the   phenomena  dis- 
appearing very  slowly.      The   toxalbumose   of    the    bacteria   of 
diphtheria  was  the  first  toxalbumin  which  was  recognised  as  such  : 
it  was  so  recognised  by  Loffler  ('90),  and  was  obtained  pure  by 
Brieger  and  Frankel  ('90).     No   little  astonishment  was  caused 
when  the  first  poisonous  proteids  were  recognised,  since  the  proteids 
had  been  known  so  long  as  harmless  substances,  and  even  as  abso- 
hitely  necessary  food-substances.      And  the  surprise  was  no  less 
when  later  it  was  found  that  the  poisonous  effects  of  snake-bites, 
which  are  so  greatly  feared,  and  of  the  blood  of  many  fishes,  such 
jxs  the  lamprey,  are  to  be  traced,  likewise,  to  the  poison  of  such 
toxalbumins,  which  are  produced  by  the  metabolism  of  the  tissue- 
cells  and  are  excreted. 

Solid  excretioTis  are  found  almost  exclusively  in  cells  that  take  in 
solid  food.  In  them  the  indigestible  residue  of  the  food  is  given 
oflf  to  the  outside  in  the  form  of  solid  excretions  in  the  manner 
already  described.  In  a  few  cases  the  excretory  substances  which 
occur  dissolved  in  the  cell-contents  are  formed  into  solid  con- 
cretions within  the  cell  and  are  then  cast  out ;  this  is  the  case 
in  the  ciliate  Infusoria,  according  to  the  investigations  of  Rhumbler 
('88).  At  present  it  is  not  yet  decided  whether  the  concretions  of 
'/ffanin  and  the  crystals  o( calciu7)i  fjuanin which  accumulate  in  many 
cells  and  are  stored  permanently  in  the  protoplasm,  such  as  in  the 
heantifully  iridescent  crystalline  plates  and  needles  in  the 
<'|)i(l(U'rnis-cells  of  amphibians  and  fishes,  are  to  be  regarded  as 
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excretions  or  as  substances  that  possess  still  further  importance  in 
the  life  of  the  organisms  in  question. 

K,  now,  the  fects  of  metabolism  be  co-ordinated,  it  is  found  that 
from  the  entrance  of  substances  into  the  living  cell  to  their  exit 
from  it,  metabolism  consists  of  a  long  series  of  complicated  chemical 
processes  which  can  be  represented  in  the  form  of  a  curve  with  an 
ascending  and  a  descending  limb.  The  ascending  limb  comprises 
all  processes  that  lead  to  the  construction  of  living  substance ;  the 
apex  is  formed  by  the  synthesis  of  the  most  complex  organic 
compounds,  the  proteids;  the  descending  limb  comprises  the 
processes  of  the  destruction  of  living  substance  into  its  simplest  com- 
pounds. The  beginning  and  end  of  the  curve,  i.e.,  the  substances 
that  enter  into  and  go  out  from  the  organism,  are  best  known ;  the 
components  that  lie  at  the  apex  of  the  curve  are  known  least,  and 
in  large  part  not  at  all. 

The  green  plant-cell,  even  the  simple,  unicellular,  green  alga, 
such  as  Protococcus,  is  a  chemical  laboratory  in  which,  out  of  the 
simplest  inorganic  materials — carbonic  acid,  water,  and  salts — 
organic  substance  is  manufactured,  analytic  processes  and  syntheses 
going  on  hand  in  hand  in  the  process.  First,  starch  appears. 
Starch  with  the  help  of  nitrogenous  salts  serves  to  construct 
proteids,  in  which  process  very  various  kinds  of  by-products  arise. 
But  the  green  plant-cell  does  not  complete  this  gradual  con- 
struction of  proteids  for  itself  alone,  it  does  it  at  the  same  time 
for  all  animal-cells,  which  in  the  course  of  evolution  have  lost 
the  power  of  manufacturing  organic  material  out  of  inorganic. 
The  organic  substances  produced  by  plants  serve  as  food  for 
herbivora,  the  flesh  of  herbivora  as  food  for  camivora.  Camivora 
can  live  upon  proteid  food  alone.  Henoe  it  is  seen  that  of  the 
substances  that  appear  in  metabolism  some,  as  in  plants,  lead  to 
the  construction  of  proteid,  and  some,  as  in  carnivora,  are  derived 
from  the  transformation  of  proteid.  But  in  plants  as  well  as  in 
animals  a  constant  decomposition  of  proteid  finally  takes  place, 
and  there  result  again,  as  definitive  end-products  of  metabolism, 
simple  inorganic  compounds,  essentially  the  same  materials  with 
which  the  construction  of  living  substance  was  carried  on,  namely, 
carbonic  acid,  water,  and  nitrogenous  salts.  All  metabolism, 
therefore,  is  merely  a  series  of  processes  which  are  related  to  the 
construction  and  destruction  of  proteids  and  their  compounds. 
This  is  true  as  well  of  the  plant  as  of  the  animal. 

IL  The  Phenomena  of  Form-changes 

The  form  of  organisms  is  not  unchangeable.  Apart  from  the 
changes  that  are  associated  with  motion,  and  which  will  be  con- 
sidered elsewhere,  organisms  show  profound  changes  of  form  that 
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are  termed  their  development.  Two  great  series  of  form-changes 
are  recognised  in  living  substance — phylogenetic  or  racial  develop^ 
menty  which  comprises  the  form-changes  of  living  substance  in 
their  totality  during  the  earth's  development ;  and  oiitogenetic  or 
germinal  development,  w^hich  comprises  the  form-changes  that  a 
single  individual  goes  through  during  his  life.  Haeckel  ('66), 
who  has  done  pioneer  work  of  fundamental  importance  for  the 
modem  theory  of  evolution,  has  shown  that  the  two  series  stand 
in  intimate  connection  with  one  another;  in  general,  germinal 
development  is  an  abbreviated  recapitulation  of  racial  develop- 
ment. 

A.  PHYLOGENETIC  DEVELOPMENT 

The  forms  of  living  substance  that  inhabit  the  earth's  surface 
have    not    always  been   the   same.      Modem   palaeontology,   the 
science  of  fossil  organisms,  has  revealed  an  overwhelming  number 
of  forms  which  differ  from  those  now  living  the  more  the  older  the 
strata  from  which  they  are  derived.     Critical  research  during  the 
last  decade  has  relegated  to  the  realm  of  fable  a  large  number  of 
remarkable  beings  with  which  the  earlier  geology  peopled  the  earth, 
and  has  shown  them  to  be  fanciful  pictures  which  stand  upon  the 
same  plane  as  the  rare  animal  forms  contrived  by  the  curious  creative 
fancies  of  the  Indians,  the  Assyrians,  and  the  Incas ;  nevertheless, 
the  discovery  of  well-authenticated  fossil  forms  during  recent  de- 
cades has  proved  conclusively  how  utterly  different  from  its  present 
state  was  the  organic  world  uj>on  the  earth's  surface  during  the 
earlier  periods   of  the  earth's  development.      An  overwhelming" 
number   of   organisms  have  become  known  which  inhabited  the 
water  and  the  land  before  man.     The  theory  of  descent  has  intro- 
duced a  causal  connection  into  this  wealth  of  forms  by  showing  that 
fossil  organisms  are  not  to  be  regarded  as  unique  curiosities,  histts 
natural,  and  the  unsuccessful  experiments  of  a  Creator,  as  the 
previous  century  believed  them  to  be.     Rather  are  thev  the  dead 
twigs  and  branches  of  a  mighty,  wide-spread  tnmk,  of  which  the 
youngest  and  last  shoots  are  the  present  living  organisms ;  the 
oldest  branches  have  sprung  from  a  common  root,  the  Protista, 
whose  direct  descendants,  little  changed,  now  appear  in  the  in- 
teresting groups  of  unicellular  beings,  Rhizopoda,  Bacteria,  Infusoria, 
and  Algce.     Modem  morphology  has  succeeded  by  critical  research 
in  drawing  in  gross  outline  a  picture  of  the  genealogical  tree  of 
organisms,  and  the  conception  of  natural  relationship,  which  was 
presaged  by  the  use  of  the  word  by  the  earlier  systematic  mor- 
phology in  a  figurative  sense,  has  obtained  through  phylogenetic 
research  a   very  real   significance.      The   present  organic  world 
is  the  product  of  an  historic  development  stretching  back  over 
an  enormously  long  space  of  time,  in  which  some  forms,  such  as  the 
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vertebrates,  are  the  result  of  manifold  and  profound  transforma- 
tions, while  others,  such  as  the  Protista,  have  persisted  from  the 
earliest  times  in  a  form  changed  relatively  little.  The  last  fact, 
that  in  the  unicellular  Protista  there  is  recognised  a  group  of 
organisms  that  possess  in  almost  absolute  purity  the  characters  of 
the  ancient  ancestors  of  all  organisms,  makes  these  micro-organisms 
appear  particularly  valuable  physiologically.  But  let  us  go  some- 
what more  fully  into  the  phenomena  of  the  development  of  form  in 
general. 

No  substance  exists  without  form.  All  substance  has  a  definite 
form  which  is  the  expression  of  chemico-physical  laws  that  pertain 
partly  to  the  nature  of  the  substance  in  question  and  partly  to  the 
influences  that  it  receives  from  the  outside.  Living  substance  is 
only  a  portion  of  the  matter  that  composes  the  earth,  and  is  not 
different  in  its  elementary  nature  from  other  substances.  In 
assuming  form,  therefore,  living  substance  must  obey  the  mecha- 
nical laws  of  matter,  as  all  other  bodies  do.  If  an  organism  has  a 
definite  form,  however,  there  are  two  factors,  the  mutual  working 
of  which  determines  its  further  form-development — a  conservative 
factor,  which  acts  to  maintain  the  form,  and  a  mutative  factor, 
which  acts  to  change  it.  The  factor  that  maintains  form  is  the 
inheritance  of  present  characteristics,  the  factor  that  causes  change 
is  adaptation  to  changed  external  conditions. 

1.  Heredity 

Heredity  is  one  of  the  most  familiar  phenomena,  so  familiar  that 
in  daily  life  we  scarcely  notice  it  and  become  conscious  of  it  only 
in  special  cases.  By  heredity  is  meant  simply  the  fact  that  in 
reproduction  characteristics  of  the  parents  are  transmitted  to  the 
offspring,  so  that  the  descendants  resemble  in  general  the 
ancestors.  The  offspring  of  a  beetle  become  beetles  of  the  same 
form,  and  from  the  eggs  of  a  fowl  fowls  develop ;  a  dog  can  produce 
only  a  dog,  a  human  being  only  a  human  being  and  never  other 
species.  This  transmission  of  the  characteristics  of  the  parents  to 
the  offspring  pertains  to  the  minutest  details ;  not  only  is  the 
external  form  of  the  body  transmitted,  but  special  peculiarities  of 
motion,  attitudes,  habits,  etc.  This  is  seen  most  clearly  in  human 
beings,  since  by  practice  in  distinguishing  them  our  gaze  is 
sharpened  even  for  minutiae.  But,  as  a  rule,  the  fact  of  heredity 
strikes  us  only  when  it  has  to  do  >vith  specially  characteristic 
signs,  when  we  see  transmitted  from  parents  to  children  peculiar 
features,  abnormalities  of  the  body,  such  as  supernumerary 
fingers,  hair  over  the  whole  body  or  upon  unusual  parts,  and  physical 
defects. 

But  not  all  peculiarities  are  always  inherited.  Many  special 
characteristics   are  not  inherited   at   all,  others  are  transmitted 
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from  the  parents,  not  to  the  next  generation,  but  to  the  second  or  the 
third.  This  transmission  of  characteristics  to  the  second  or 
third  generation,  with  omission  of  the  first,  is  known  as 
reversion,  or  atavism.  Thus,  in  man  it  is  frequently  observed 
that  children  have  peculiarities  of  their  grandparents  which  are 
wanting  in  their  parents  throughout  life.  Indeed,  many  pecu- 
liarities, after  having  remained  latent  for  many  generations,  can 
suddenly  appear  again.  This  is  frequently  observed  in  domestic 
animals  and  cultivated  plants  which  have  been  artificially  bred 
from  the  wild  forms  and  been  gradually  improved.  When  these 
are  allowed  to  run  wild,  as  a  rule  they  go  back  again  to  the  wild 
state ;  every  breeder  of  animals  and  every  gardener  is  acquainted 
with  many  such  examples.  It  would  lead  too  far  to  discuss  these 
facts  in  detail,  and  it  would  be  superfluous,  since  a  great  variety 
of  examples  have  become  known  through  the  immortal  work 
of  Darwin  and  the  morphological  studies  that  have  been  carried 
out  in  connection  with  the  theory  of  descent. 

One  interesting  question  in  the  problem  of  heredity  has  recently 
come  into  the  fore-ground  and  has  been  discussed  very  actively, 
namely,  the  question  of  the  inheritance  of  acquired  characteristics 
in  multicellular  organisms.  Arc  characteristics  that  have  arisen 
during  the  individual  life  through  the  action  of  external  influences, 
e.g.,  mutilations  and  diseases,  inherited,  or  does  inheritance  deal 
with  innate  characteristics  alone,  i.e.,  characteristics  that  have 
become  established  during  the  germinal  development  of  the 
organism?  While  Darwin  ('59),  Haeckel  (*66),  Eimer  (^88) 
and  others  have  defended  the  view  that  acquired  characteristics 
are  heritable,  Weismann  ('92, 1)  has  endeavoured  to  show  in  a  long 
series  of  studies  that  only  those  characteristics  are  inherited  the 
rudiments  of  which  were  already  present  in  the  germ-cells  of  the 
organism.  At  the  first  glance  it  seems  surprising  that  such  a 
question,  which  apparently  is  so  easy  to  answer,  can  be  the  subject 
of  such  opposite  views ;  for  nothing  seems  simpler  than  to  decide 
by  experiment  whether  mutilations,  performed  upon  an  adult 
animal,  are  transmitted  to  its  offspring.  In  fact,  such  experiments 
have  been  made  by  Weismann  and  others.  Weismann  removed 
the  tails  of  twelve  white  mice,  of  which  seven  were  females  and 
five  males,  and  bred  five  generations  of  descendants,  a  total  of  849 
mice,  from  these  tailless  parents,  but  not  a  single  one  was  bom 
without  a  tail ;  and  in  all  the  adult  animals  the  tails  had  their 
normal  length.  Many  such  experiments  have  been  performed, 
but  they  prove  only  that  in  the  cases  in  question  the  mutilations 
arc  not  inherited,  and  not  that  no  acquired  characteristics  at  all 
are  heritable.  Upon  the  other  side  a  number  of  examples  have 
b(M»n  brought  forward,  from  which  it  would  appear  that  certain 
acquired  peculiarities  have  been  transmitted.  But  Weismann  has 
subjected  all  these  cases  to  very  careful  criticism  and  has  sought 
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to  show  that  for  various  reasons  they  ought  not  to  be  regarded  as 
demonstrative.  Hence,  thus  far,  the  question  is  not  decided.  A 
decision  can  be  reached  only  by  experiment,  but  not  by  such 
experiments  as  those  performed  upon  mice.  It  is  a  priori 
improbable  in  the  highest  degree  that  injuries  of  the  tail,  the 
finger,  or  similar  parts  of  the  body  are  inherited,  for  it  is  hardly 
to  be  imagined  that  the  organs  in  question  stand  in  such  a 
relation  to  the  sexual  cells,  through  which  alone  reproduction 
and  inheritance  occur,  that  their  mutilation  shall  exercise  a 
marked  influence  upon  those  cells,  which  is  the  first  requisite  of 
inheritance.  In  future  experiments,  therefore,  mutilations  must 
be  performed  upon  such  organs  as  stand  demonstrably  in 
correlation  with  the  sexual  organs,  for  only  then  would  there  be 
the  possibility  of  hereditary  transmission.  Few  such  correlations, 
however,  aie  known.  In  man,  as  is  known,  the  development  of 
the  larynx  is  correlated  with  that  of  the  sexual  organs.  Men  who 
in  their  youth  have  lost  the  testes  by  castration  retain  throughout 
life  a  larynx  retarded  in  its  development  and  a  high  childish  voice. 
The  splendid  sopranos  in  St.  Peter  s  at  Rome,  whose  artistic  sing- 
ing is  so  attractive,  have  often  afforded  examples  of  this.  Similar 
correlations  ought  first  of  all  to  be  fully  investigated  and  then 
to  be  employed  for  experiment,  unless  experimentation  is  to  be 
a  mere  groping-about  without  plan,  a  process  that  leaves  the 
decision  to  chance.  That  influences  which  affect  the  germ-cells, 
the  ovum  and  the  spermatozoon,  influence  the  further  develop- 
ment in  a  high  degree,  is  a  priori  clear,  and,  moreover,  has  recently 
been  shown,  especially  by  the  brothers  Hertwig  ('87),  in  a  large 
number  of  striking  experiments.  If,  now,  mutilations  that  alter 
the  germ-cells  could  be  performed  upon  highly  developed  animals 
or  upon  plants,  it  would  be  possible  to  decide  experimentally 
whether  mutilations  as  such  are  transmitted  by  means  of  a 
definite  action  upon  the  germ-cells,  or  whether  they  influence 
the  latter  only  in  so  far  that  offspring  coming  from  those  cells 
have  other  defects  and  abnormalities  that  are  not  like  the  mutila- 
tions. In  the  first  case,  there  would  be  a  real  transmission  of 
acquired  characteristics,  in  the  second  not.  Hence  the  question 
of  the  inheritance  of  acquired  characteristics  remains  to  be  decided 
experimentally.  Whatever  has  thus  far  appeared  upon  either  the 
aflBrmative  or  the  negative  side  is  nothing  but  more  or  less 
probable  supposition. 

Special  characteristics  are  not  necessarily  inherited.  But  the 
general  characters  of  every  organism  which  for  generations  have 
been  reproduced  constantly,  whether  they  are  exclusively  innate 
or  are  really  acquired  at  some  time  by  some  predecessor,  are 
constantly  transmitted  in  their  essentials.  A  change  takes  place 
so  slowly  that  it  can  scarcely  be  perceived  within  the  few  genera- 
tions that  come  under  observation  during  the  life  of  one  man  or  of 
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several,  or  even  within  many  generations ;  this  is  evident  from  the 
identity  of  the  animal  world  found  in  the  Egyptian  graves  with 
that  of  the  present. 

Heredity,  therefore,  represents  an  agency  upon  which  depends 
in  phylogenetic  development  the  preservation  of  peculiarities  of 
form  that  have  once  been  present. 

2.  Adaptation 

Adaptation,  which  changes  form,  is  not  so  immediately  apparent 
as  heredity,  which  maintains  form.  This  is  especially  due  to  the 
fact  that  the  phenomena  of  adaptation  usually  require  long  spaces 
of  time  for  their  observation,  while  heredity  appears  in  every  gene- 
ration of  organisms.  But  the  results  of  adaptation  are  seen 
daily,  usually  without  this  fact  being  recognised.  The  fact  of 
purposefulness  in  living  nature,  which  was  so  marvellous  to 
men  of  science  in  early  times,  even  down  to  the  middle  of  the 
present  century,  forced  them  constantly  to  embrace  teleology, 
i.e.,  the  hypothesis  of  a  fore-ordained  plan  of  creation,  such  as 
dogmatic  theology,  preserving  faithfully  the  ancient  venerated 
ideas,  accepts  to-day.  This  purposefulness  in  nature  is  the  simple 
expression — or,  better,  the  result — of  the  adaptation  of  organisms 
to  their  vital  conditions  in  the  widest  sense. 

Aquatic  animals  are  adapted  very  perfectly  to  life  in  water, 
terrestrial  animals  to  life  upon  dry  land,  flying  animals  to  life  in  the 
air.     Fishes  have  limbs  in  the  form  of  fins,  which  function  very 
perfectly  as  rowing-organs ;  terrestrial  vertebrates  have  in  place  of 
fins  legs  for  walking  and  creeping  upon  dry  land ;  birds  have  wings 
constructed  most  fittingly,  with  which  their  light  bodies,  supported 
by  bones  containing  air,  soar  through  the  air  so  perfectly  that  up  to 
the  present  all  inventors  of  artificial  flying  machines  have  tried  in 
vain  to  imitate  them.     But  only  in  single  cases  in  the  develop- 
ment of  the  individual  can  an  adaptation  to  other  conditions  be 
traced.     Thus,  the  larvae  of  fi"ogs,  so  long  as  they  live  in  the  water 
as  tailed  tadpoles,  breathe  like  fishes  by  means  of  gills,  which  are 
constructed   very   simply  and   suitably  for  obtaining    from    the 
water  the  air  dissolved  in  it.     As  soon  as  the  small  frogs  come 
to    the  land,   the  tails    shrink,   the    gills    degenerate,  and    the 
lungs   develop,  by  means  of   which,  like  all   terrestrial  animals, 
they   take   air  directly   into   their    bodies.     If  the   tadpoles  be 
prevented  artificially  from  creeping  upon  dry  land,   they  retain 
their  tail  and  gills,  and  the  lungs  do  not  develop  even  though 
the   animals   reach   a   considerable   size.     Such   examples   prove 
that    all    organisms   are    adapted    very   fittingly   to    their   vital 
conditions ;  and  the  later  zoological  and  botanical  investigations 
have  shown  that  these  adaptations  extend  frequently  to  the  mi- 
nutest details,  of  which  an  untrained  observer  would  never  think. 
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Since  the  conditions  upon  the  oarth'ssurtkce  have  slowly  and  con- 
stantly changed  from  the  time  of  the  incandescent  nebula  down  to 
the  present,  since  fairly  rapid  changes  of  the  external  conditions  of 
life  continually  appear  in  locally  restricted  regions,  and,  finally,  since 
all  organisms  are  constructed  even  to  the  smallest  minutiae  in  a 
manner  corresponding  perfectly  to  both  general  and  special  con- 
ditions, organisms  must  become  adapted  to  their  external  conditions 
constantly  and  in  proportion  as  the  conditions  themselves  change. 
If  this  ratio  between  the  change  of  external  conditions  and  the 
change  of  the  foi-m  of  organisms  had  not  existed  in  the  past,  there 
would  have  appeared  within  a  conceivable  time  an  extraordinary 
lack  of  fitness  in  the  structure  of  organisms.  But  the  cases  in 
which  an  organ  seems  to  be  superBuous  are  relatively  rare,  and 
injurious  mechanisms  perhaps  do  not  exist  at  all. 

The  mode  of  adaptation  of  organisms  is  a  double  one :  an  iniii- 
vidual,  or  personal,  and  a  phyletic,  or  racial,  adaptation  may  be 
distinguished.     The  two  occur  very  differently. 

Individual  ndajttation  acts  only  within  veiy  narrow  limits,  and 
in  the  phylogenetic  changes  of  form  has,  perhaps,  only  a  subordinate 
importance ;  it  has,  indeed,  no  importance  whatever  in  phylogeny, 
if  the  inheritance  of  acquired  characteristics  does  not  take  place, 
for  it  consists  in  the  fact  that  changes  in  the  external  environ- 
ment cause  direct  changes  in  the  organism  itself  according  to  the 
different  factors  of  the  environment.  Individual  adaptation  usually 
expresses  itself  much  more  clearly  in  habits,  manner  of  life,  etc., 
than  in  form.  A  man,  put  under  other  conditions  than  bis 
customary  ones,  in  another  land  and  among  other  people,  adapts 
himself  to  his  surroundiTigs  gradually  in  the  course  of  years,  and 
gradually  adopts  the  customs,  usages,  activities  and  mode  of  life 
of  the  new  people.  Much  more  seldom  is  there  observed  in 
organisms  a  change  in  body-form  through  individual  adaptation 
to  vital  conditions,  especially  because  much  more  profound  changes 
in  the  conditions  are  necessary  to  cause  it,  and  these  are  not  so 
easily  endured  as  the  relatively  slight  changes  that  lead  to  adapta- 
tion in  maimer  of  life.  A  relatively  slight  change  in  the  compo- 
sition uf  the  water  in  which  aquatic  animals  live,  leads  in  most 
cases  to  death.  Marine  animals  placed  in  fresh  water  and  fresh- 
water animals  placed  in  sea  water  usually  die ;  only  a  few  forms 
have  adapted  tnemselves  to  both,  especially  such  as  live  at  the 
mouths  of  rivers,  like  certain  fishes.  A  crustacean,  Artemia 
salina,  is  very  interesting  in  this  connection.  Schmankewilsch 
('77)  established  the  very  interesting  fact  that  this  small 
animal  li\'ing  in  salt  water  can  change  itself,  by  slowly  becoming 
accustomed  to  a  higher  or  lower  percentage  of  salt,  into  a  dif- 
ferent form  of  crustacean — tn  water  of  greater  concentration  into 
Arteviia  MUhauaenii,  in  fresh  water  into  B-rancMpus  stagiutlis,  two 
forms  having  wholly  different  characteristics  (Fig.  05).     Similar 
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eases  are  known  in  single  cells.  Thus  A.  Schneider,  Brass,  and 
O.  Zacharias  (*85)  have  produced  considerable  changes  of  form 
in  spermatozoa,  intestinal  epithelium-cells,  and  Amceba,  by  the 
addition  of  various  solutions  to  the  medium.  Unicellular  organisms 
in  general,  especially  Infusoria  and  Bhizopoda,  afford  many  favour- 
able objects  for  the  study  of  the  changes  that  the  body-form 
experiences  as  the  result  of  changes  in  the  surrounding  medium. 
The  following  example^  is  very  interesting;  it  shows  that  the 
various  forms  of  Amcsba,  which  are  usually  characterised  by  the 
shape  of  the  pseudopodia,  ought  not  to  be  regarded  as  distinct 
species  in  the  systematic  sense.  Innumerable  quantities  of  small 
amcebae  are  frequently  found  in  the  bacterial  scum  upon  the  sur- 
face of  decomposing  hay-infusions.  When  placed  upon  the  slide, 
these  have  an  essentially  spherical  form  (Fig.  Q(Sy  a).  Broad,  lobate 

pseudopodia  begin  gradually  to  be  extended 
in  various  directions,  so  that  the  form  of 
Amoeba  proteus  (priTiceps)  (Fig.  66^  h)  is  as- 
sumed.    The  creeping  soon  takes  on  one 
principal   direction,   the   whole   cell   in   a 
certain   sense  representing  a  single,  long 
pseudopodium  and  assuming  the  form  of 
Amoeba  Umax  (Fig.  66,  c).   In  this  form  the 
amoebae  creep  about  constantly,  so  long  as 
they  are  not  disturbed.    If  the  composition 
B       of  the  medium  be  changed  by  making  the 
Fio.  66.—^.  Branc/iipu»  tiag-     wator  Very  feebly  alkaline  by  the  addition  of 
S^V;;i^'^'fnV3t:     potash  solution,  the  following  is  observed, 
water  form  ofthe  mme     The  amoeba^  first  contract  into  balls,  but 

cnuttacean.     (From  Sem-  ^  •     ,      i  i  i- 

per.)  soon  nne-pomted  pseudopodia  appear  upon 

their  surface  (Fig.  QQy  d).  These  become 
longer  and  longer,  and  finally  assume  the  appearance  of  long, 
pointed  thorns.  In  the  course  of  about  15  or  20  minutes  the  cells 
assume  the  very  characteristic  shape  oi  Amceba  radiosa  (Fig.  66,  c,/), 
which  is  known  by  the  systematists  as  a  very  well-defined 
species ;  they  remain  in  this  condition  and  show  the  veiy  sluggish 
movements  of  this  species  so  long  as  the  alkalinity  of  the  medium 
continues.  If  they  are  put  again  into  their  accustomed  water, 
their  shape  changes  gradually  to  the  usual  /m^;>-form.  Many 
moulds,  which  can  be  accustomed  to  concentrated  salt-solutions 
when  these  contain  sufficient  food-stuffs  for  Mucoi\  behave  similarly. 
The  hyphjB,  as  a  rule,  become  considerably  finer  and  slenderer  than 
in  the  customar}-  water.  In  many  cases,  however,  changes  in  the 
vital  conditions  affect,  not  directly  the  form  of  the  individual,  but 
in  a  hidden  manner  the  germ-plasm  ofthe  sexual  cells,  so  that  the 
()f!'s])ring  assume  forms  different  from  those  associated  with  earlier 
conditions  ;  this,  however,  is  rather  to  be  considered  under  phyletic 
adaptation.  i  Cf  Verworn  ('96,  4). 
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Phyletic  adaptation,  ^.e.,  the  gradual  adaptation  of  the  series  of 
forms  to  existing  vital  conditions,  has  a  dispropoiiiionately  great, 
perhaps  a  determinative,  significance  in  the  form-changes  of 
phylogenetic  development.  It  takes  place  in  a  manner  wholly 
different  from  that  of  individual  adaptation.  Darwin's  immortal 
work  ('59;  consists  in  explaining  naturally  the  surprising 
purposefulness  in  the  organic  world  by  revealing  the  mode  of 
phyletic  adaptation.  According  to  Darwin's  theory  of  selection 
the  adaptation  of  organisms  to  external  conditions  takes  place,  not 
by  the  immediate  change  of  the  single  individual,  but  by  natural 


a. 


d. 


Fio.  66. — Aynaha  Umax,  a,  Contracted  ;  &,  at  the  beginning  of  the  formation  of  peeudopodio, 
(pro(eu«-form) ;  r,  common  /itnojr-form  ;  d,  e,  /,  forms  amumed  after  the  addition  of  potash 
solution  ;  ci,  at  the  beginning  of  the  action  ;  e,  /,  rodto^a-forms. 


selection  among  many  individuals  in  the  same  manner  as  in  the 
improvement  of  the  race  by  artificial  selection  on  the  part  of  the 
breeder. 

Starting  from  the  fact  of  individual  variability,  i.e.,  the  pheno- 
menon that  in  every  generation  of  offspring  from  the  same 
parents  no  single  individual  is  wholly  like  another,  although  to 
ordinary  observation  the  differences  frequently  appear  very  small, 
Darwin  finds  as  a  necessary  consequence  of  the  struggle  for 
existence  a  choice,  a  selection,  among  the  different  individuals  of 
every  generation  according  to  the  measure  of  their  vital  power. 
It  is  known  that  in  all  organisms  without  exception  mc 


186  GENERAL  PHYSIOLOGY 

are  produced  in  germ  than  as  adults  would  find  suflScient  vital 
conditions.  To  cite  a  striking  example,  it  has  been  computed 
that,  if  of  the  several  million  eggs  that  a  sturgeon  lays  only  one 
million  should  develop  into  females  and  reproduce  to  an  equal 
extent,  the  third  generation  would  find  no  room  upon  the  surface 
of  the  earth,  while  the  fourth  generation  could  produce  a  quantity 
of  eggs  greater  than  the  volume  of  the  earth !  But  this  re- 
markable condition  is  illusory,  for  only  a  very  limited  number  of 
individuals  can  find  the  proper  conditions  for  their  existence,  all 
others  perish.  But  in  this  partly  passive,  partly  active  struggle 
for  the  means  of  existence  it  is  not  the  chance  individuals  that 
perish,  but  almost  exclusively  those  that  can  maintain  the 
struggle  less  long,  that  are  less  adapted  to  the  given  conditions. 
On  the  other  hand,  those  that  are  strongest,  most  powerful,  most 
capable  of  life  under  the  given  conditions,  will  overcome  in  the 
competition  and  alone  survive.  Thus  there  takes  place  a  se- 
lection of  individuals  most  fitted  for  the  given  conditions  of  life ; 
and  since  this  selection,  as  in  breeding,  continues  for  many  and 
finally  innumerable  generations,  while  the  selected  individuals 
reproduce  their  characteristics  by  hereditary  transmission,  a 
gradual  adaptation  of  individuals  to  their  external  conditions 
comes  about,  the  result  or  expression  of  which  is  the  purpose- 
fulness,  reaching  to  the  minutest  details,  of  organisms  in  relation 
to  the  conditions  under  which  they  live.  If  the  external  con- 
ditions remain  for  a  time  unchanged,  adaptation  acts  in  a  con- 
servative sense ;  if  they  change,  whether  locally  and  suddenly,  or 
generally  and  gradually,  as  in  the  development  of  the  whole  earth's 
surface,  there  occurs  by  selective  adaptation  in  the  struggle  for 
existence  a  proportionate  variation  of  form.  The  test  of  the 
correctness  of  this  theory  lies  in  the  experiments  of  animal 
breeders,  which  have  gone  so  far,  especially  in  England,  that  by 
artificial  selection  toward  definite  aims  in  the  course  of  a  few 
years  new  varieties  of  domestic  animals,  especially  pigeons,  can  be 
supplied  to  order,  having  these  or  those  desired  qualities.  Here  the 
artificial  selection  of  the  breeder  plays  the  rdle  of  natural  selection 
which  in  free  nature  consummates  the  struggle  for  existence. 

Darwin's  theory  affords  a  comprehensive  and  consistent  picture 
of  the  origin  of  form-changes  in  living  substance  from  the 
simplest  species  that  previously  inhabited  the  surfece  of  the  earth 
down  to  present  organisms.  If  the  eflfects  of  the  few  agents  that 
determine  form  are  recognised,  it  is  easy  to  understand  naturally 
the  phylogenetic  development  of  plants  and  animals  from  the 
unicellular  protists,  on  the  one  side  through  cryptogams  and 
monocotyledons  to  the  highly  developed  flowering-plants,  and  on  the 
other  side  through  the  ccelenterates  and  worms  to  the  highly 
developed  arthropods  and  vertebrates. 
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All  living  substance,  like  every  physical  body,  must  have  some 
form,  which  is  determined  by  its  relations  to  the  chemico-physical 
conditions  of  its  environment.  If  the  relations  between  organisms 
and  the  external  world  remained  constantly  the  same,  no  change 
in  the  forms  of  organisms  in  the  phylogenetic  series  would  take 
place ;  and,  since  living  substance  has  the  property  of  reproduction, 
by  heredity  the  descendants  would  always  be  exactly  like  the 
ancestors.  Since,  however,  the  conditions  upon  the  earth's  surface, 
as  upon  every  physical  body,  are  continually  changing,  and  since 
the  form  of  living  substance,  like  every  physical  body,  is  under 
the  influence  of  its  surroundings,  it  must  likewise  continually 
change  by  adapting  itself  to  the  new  conditions.  Thus,  there  are 
the  two  opposing  factors  of  heredity  and  adaptation,  and  the  result 
of  the  action  of  these  is  expressed  in  the  phylogenetic  changes  of 
form. 


B.      ONTOGENETIC   DEVELOPMENT 

The  old  myth  of  the  metamorphoses  of  the  multiform  Proteus 
never  found  a  more  beautiful  realisation  than  in  the  developmental 
history  of  the  individual.  Just  as  the  organic  world  as  a  whole 
has  undergone  an  unbroken  change  of  fonn  in  the  course  of  innu- 
merable centuries,  so  the  single  individual,  especially  the  multicel- 
lular animal,  during  its  development  into  the  adult  organism  passes 
through  in  the  briefest  time  a  long  series  of  manifold  forms  until  it 
becomes  like  or  approximately  like  its  parents.  It  does  not  belong 
to  the  task  of  general  physiology  to  follow  the  cycle  of  development 
of  individual  groups  of  organisms ;  by  the  great  growth  of  the 
fundamental  ideas  of  Darwin  and  Haeckel  our  knowledge  of  indi- 
vidual or  ontogenetic  development  has  expanded  into  an  indepen- 
dent science,  embryology,  the  great  importance  of  which  for  the 
understanding  of  the  present  organic  world  has  been  demonstrated 
during  the  last  few  decades.  To-day  no  biologist  or  physician,  who 
has  not  became  a  blind  specialist,  is  unequipped  with  embryo- 
logical  knowledge.  But,  although  the  study  of  the  more  special 
facts  of  the  ontogenetic  development  of  form  must  be  left  to  the 
embryologist  as  his  well-earned  right,  physiology  has  to  deal  with 
certain  general  and  elementary  vital  phenomena,  upon  which  the 
development  of  the  individual  rests.  These  are  the  phenomena  of 
reproduction. 

As  should  be  the  case  with  all  vital  processes,  these  phenomena 
should  be  studied  in  the  cell.  The  success  of  this  method  of  treat- 
ment has  already  been  demonstrated  with  reproductive  phenomena ; 
morphology  has  laboured  here  intelligently  and  has  illumined  the 
whole  field  solely  by  means  of  cellular  methods.  As  a  result,  we 
are  now  oriented  as  to  the  minute  details  of  the  visible  events. 
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1.  (froioth  and- Hcjproduction 

Reproduction  cannot  be  separated  from  grcuvth,  lor  in  the 
widest  sense  it  is  only  a  spocial  case  of  growth;  the  earlier 
embiyology  was  prompted  to  regard  reproduction  as  growth  beyond 
the  measure  of  the  individual.  The  general  process  that  consti- 
tutes growth  is  an  increase  of  living  substance,  and  the  essence  of 
reproduction  likewise  consists  merelj-  in  an  incivase  of  living  sub- 
stance. The  difference  between  that  which  is  usually  terme<l 
growth  in  the  narrow  sense  and  the  phenomenon  of  reproduction 
consists  only  in  the  fact  that  in  the  foniier  cawe  the  newh-  formed 


Fid.  eT.-SriulerpolyMori^vi.  IS,  Moiillir>niii  uiU'lvuK 
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living  subst-ance  remains  in  constjvnt  connection  with  the  original 
organism  and  helps  to  increase  its  volume ;  while  in  the  latter  catm 
a  jmrt  of  the  substance  separates  itself  from  the  original  organism, 
fither,  as  in  most  cases, being  set  entirely  frets  or,  a.i  in  the  increase 
of  tLssue-cells,  being  separated  men-ly  by  a  ]Kirtilion-wall  and  re- 
maining in  jilacf.  Correspondingly,  there  is  a  large  number  of 
transitions  between  the  growth,  in  the  narrow  sense,  and  the 
reproduction  of  the  cell.  Examples  of  such  ai-e  affoi-cled  especially 
by  many  multinucleated  cells,  as,  cy.,  Opalimi,  thf  infusoriau  living 
in  the  intestine  of  the  frog,  which  at  fii-st  is  uninuileated  and  in 
growth  becomes  multinucleated  by  the  repeated  <livision  of  its 
-lucleus.     There  occurs  here  a  reproduction  of  the  nuclei,  while  the 
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protoplasm  belonging  to  them  remains  in  one  mass ;  the  final  result 
is  a  very  large  but  multinucleate  cell. 

Every  cellexhibits,  if  not  continually,  at  least  at  a  certain  time 
of  its  hfe,  phenomena  of  growth  ;  the  mass  of  its  living  substance 
increases.  This  can  occur  only  by  taking  in  material  from  the 
outside,  or,  in  other  words,  by  metabolism  ;  and  the  conception  of 
growth  can  be  rendered  precise  by  bearing  in  mind  that  in  meta- 


Pioco  of  *  youog  dvary  with  the  AArmmaL 
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holism  more  living  substance  is  built  up  than  is  broken  down.  But, 
as  has  been  seen,  the  size  of  every  cell  is  limited  and  does  not 
surpass  a  certain  measure.  Particularly  the  size  of  every  definite 
cell-form  has  a  limit  assigned  for  that  particular  form,  which  varies 
little.  Hence,  if  the  quantity  of  the  living  substance  increases 
further  by  growth,  this  must  lead  to  a  "  growth  beyond  the  measure 
of  the  individual,"  the  cell-mass  must  divide,  i.e.,  it  reproduces. 
The  cell,  therefore,  multiplies  by  division ;  and  every  one  of  the 
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parts  that  arise,  every  daughter-cell,  is  correspoiulingly  smaller;  it 
can  then  grow  in  turn  until  it  has  reached  the  limit  of  its  indi- 
vidual measure.  But  in  the  reproduction  of  the  cell  by  division, 
parts  must  pass  over  into  the  daughter-cells  from  both  the  essen- 
tial cell -constituents,  the  nucleus  and  the  protoplasm,  otherwise 
the  daughter-cells  would  not  represent  complete  cells,  and  hence 
could  not  continue  to  live. 

In  another  chapter  in  which  we  shall  consider  the  mechanical 
explanation  of  vital  phenomena  we  shall  have  to  enquire  after  the 
deeper-lying  causes  of  growth  and  of  limitation  in  the  size  of  cells. 
In  this  place  it  is  necessaiy-  merely  to  obtain  an  outlook  over  the 
field  of  vital  phenomena.  If  it  be  accepted  provisionally  that 
reproduction  is  merely  further  growth,  while  the  size  of  the  cell  is 
limited,  it  follows  that  all  repro- 
duction depends  upon  a  division 
of  the  living  sutetance  of  the 
cell.  The  widely  different  varie- 
ties of  reproduction  are  nothing 
but  cell-division ;  and  Virchow 
has  rightly  extended  the  old  dic- 
tum of  Harvey,  "  (mine  vivum  tx 
ovo, "  into  that  which  forms  the 
basis  of  all  modem  ideas  of  re- 
production, "  omnia  celhila  e 
celltila." 

This  is  at  once  evident  in 
unicellular  organisms.  They  re- 
produce simply  by  the  division 
of  their  cell-body,  each  daughter- 
cell  assuming  during  the  division 
™  ,:,.i  u  Lu  lu    uu   <»,i     the  shape  and  form  of  the  mother- 

(u).  (Aftir  MLinc-Edwini..)  cell;  and  if,  as  in  t\w  Iiifiisoria, 

the  cells  possess  various  kinds  of 
appendages  or  orgiinoids,  the  elements  that  are  lacking  become 
regenerated  after  the  division  of  the  body  (Fig,  67).  But  in  multi- 
cellular organisms,  both  animals  and  plants,  special  reproductive 
organs  are  developed,  the  cells  of  which  become  constricted  ofl^and 
as  eggs  develop  by  repeated  cell-division  into  similar  organisms 
(Fig.  08).  In  organisms  that  have  separate  sexes  the  sexual  celJs 
of  the  reproductive  oreans  are  different  in  the  male  and  the  female 
individuals.  The  male  sexual  cells  arc  the  spcmi-ceUs,  or  sperm- 
atozoa, the  female  the  egg-cells,  or  ova.  For  the  pi-oduction  of  a  new 
individual  a  union  of  the  two  sexual  cells,  called  fertilisation, 
must  take  place,  except  in  certain  cases  where  parthenogenesis 
is  present,  i.e.,  where  mdividuals  capable  of  life  can  develop  from 
unfertilised  eggs,  as  with  many  Crustacea  and  insects.  Finally, 
in  the  lower  multicellular  animals,  in  addition  to  sexual   repro- 
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duction,  there  occurs  asexual  increase,  by  fission  and  gemmation. 
In  both  cases  whole  complexes  of  cells  are  separated  off.  In 
fission,  e.g.,  in  certain  worms  (Fig.  69),  the  whole 
body,  after  having  reached  a  certain  size  by 
eel  I -division,  is  constricted  into  two  or  more  parts 
which  regenerate  themselves  again  into  complete 
individuals.  In  gemmation,  e.g.,  in  many  coelente- 
rates  (Fig.  70),  there  is  formed  in  one  part  of 
the  body  by  rapid  cell-multiplication  a  bud, 
which  contains  cells  from  the  essential  body- 
layers  and  likewi.se  becomes  constricted  off  to 
regenerate  into  a  new  individual. 

In  all  cases,  therefore,  reproduction,  whether 
asexual  or  sexual,  takes  place  by  cell -division 
alone,  and  this  depends  upon  growth.  We  will 
now  follow  the  dififerent  kinds  of  cell-division 
somewhat  more  in  detail  and  consider  the 
remarkable  phenomena  that  take  place  in  the  cell. 

2.  The  Forms  of  Cell-division 

In  order  that  the  daughter-cells  of  a  cell-division  may  be 
capable  of  life,  both  the  nucleus  and  protoplasm,  as  already  remarked, 
must  divide.  But  while  the  division  of  the  protoplasm  is  very 
simple,  the  cell-body  simply  becoming  constricted  deeper  and 
deeper  by  a  groove  until  the  protoplasm  is  separated  into  two 
halves,  m  most  cases  there  appear  in  the  nucleus  extremely 
complicated  changes,  which  in  most  cells,  both  animal  and 
plant,  agree  remarkably  in  essentials.  Regarding  the  more 
minute  phenomena  of  cell-division  a  literature  so  large  as  to  be 
almost  beyond  mastery  has  appeared  during  the  last  two  de- 
cades, since  investigators,  misled  by  the  very  peculiar  behaviour 
of  the  nucleus  in  cell -division,  adopted  the  erroneous  view  that 
the  nucleus  is  the  sole  essential  cell-constituent  and  must  be 
studied  as  exhaustively  as  possible  in  its  "active"  condition. 
The  fundamental  investigations  of  the  phenomena  of  cell-division 
comprise  the  admirable  ones  of  BUtschli  (76),  Flemming  ('82), 
Strasburger,  ('80,  '88),  0.  Hertwig  (76,  77,  '78,  '92),  van  Beneden 
('87),  Boveri  ('87,  '88,  '90),  and  others,  who  have  found  objects 
best  fitted  for  this  purpose  in  the  cells  of  young  larvte  of  sala- 
manders, in  the  pollen-cells  of  lilies,  and  in  the  transparent 
eggs  of  the  sea-urchin  and  the  round-worm  of  the  horse. 

a.  Direct  Cell-divisiofi 

The  simplest  form  of  cell-division  is  the  direct  or  amitotic  cell- 
division,  which,  however,  is  comparatively  rare  and,  beyond  certain 
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unicellular  organisms  and  leucocytes,  has  been  met  with  only 
in  very  few  forms  of  cells.  The  division  of  Ammba  can  serve  as  a 
type  (Fig.  71).  While  the  Aiiueba  is  creeping,  the  original 
spherical  nucleus  becomes  gradually  lengthened,  then  biscuit- 
shaped,  then  constricted  through  the  middle ;  the  connecting- 
piece  becomes  constantly  slenderer  and  finally  breaks ;  and  thus 
two  new  nuclei  result,  which  immediately  assume  the  spherical 
form.     Then  the  division  of  the  protoplasm  begins ;  the  Amceba 


«t  dlTlslon     The  diirk  bud;  uirrounded  bf  > 


becomes  constricted  in  a  similar  manner  between  the  two  nuclei 

like  a  dumb-bell  and  creeps  towards  the  two  sides,  until  only  a 

thin  thread  of  protoplasm  unites  the  two  halves ,  this  finally  breaks 

so  that  two  new  ATiueba:,  each  with  one  nucleus,  result  from   the 

division.     The  process  requires  a  long  time,  usually  several  hours, 

•uid  does  not  always  proceed  smoothly ;  the  protoplasm  often  Sows 

rether  into  one   mass   after  a    considerable    constriction    has 

tea  place,  and  then  flows  apart  again,  until,  finally,  the  uniting 

dge  is  torn  through. 
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b.  Jmiircct  Cell-division 

By  far  the  greatmajority  of  all  animal- and  plant-cells  follow  the 
mode  of  the  so-called  indirect  or  mitotic  cell -division,  in  which  the 
protoplasm  is  simply  constricted,  while  the  nucleus  undergoes 
very  remarkable  and  typical  changes  of  great  regularity.  Different 
authors  have  distinguished  different  stages  and  have  designated 
them  by  different  names.     Two  phases  in  nuclear  division  can  ' 
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very  generally  recognised — a  progressive  one,  in  which  the  changes 
reach  their  height,  and  a  retrogressive  one.  in  which  the  two 
nuclear  halves  that  arise  from  the  division  go  back  to  the 
"  resting-stage  "  of  the  nucleus,  which  latter  term  designates  the 
condition  in  which  the  nucleus  shows  no  phenomena  of  division, 
A  picture  will  put  before  our  eyes  the  important  phenomena 
of  nuclear  division  better  than  all  classifications  and  descriptions 
(Fig.  72). 

To  begin  with  the  resting  nucleus  about  to  undergo  division,  it 
is  seen  tnat  the  chromatic  substance,  which,  as   is  well  known, 


consists  of  nucleins,  arranges  itself  into  threads  which  appear 
loosely  rolled  up  into  a  coil  (Fig.  72,  A).  The  threads,  which 
have  given  to  this  form  of  nuclear  division  the  name  of  mitotic 
division  and  have  approximately  equal  lengths,  split  lengthwise  so 
that  from  each  a  double  thread  results.  At  the  same  time  the 
nuclear  membrane  becomes  dissolved,  and  at  the  two  opposite 
poles  of  the  nuclear  mass  the  centrosomes,  or  central  bodies  (p.  69), 
aurrounded  by  their  protoplasmic  radiations,  now  become  visible, 
the  two  being  united  to  one  another  by  a  fibrous,  spindle-shaped 
figure  which  is  derived  from  the  achromatic  substance  mixed  with 
the  protoplasm.  The  double  threads  form  loops,  and  group 
themselves  in  the  equator  of  the  achromatic  nuclear  spindle  in 
such  a  w^  that  their  angles  are  directed  towards  the  centre 
(Fig.  72,  B).  Presently  the  spindle-fibres,  streaming  out  from  the 
centrosomes,  by  their  own  contraction  divide  the  double  threads  in 
such  a  way  that  one  half  oC  each  is  turned  to- 
wqniiope  pole,  the  otherhailf^toward  the  other 
(Fig.  72,  C).  Thus  two  groups  of  threads 
separate  from  each  other  and  from  the 
equator  of  the  spindle  (Fig.  72,  D).  With 
this  the  progressive  phase  of  nuclear 
division  is  ended  and  the  retrogressive  phase 
begins.  The  two  groups  of  chromatic  threads 
proceed  further  and  further  toward  the  two 
poles,  so  that  the  whole  equatorial  part  of 
the  spindle  becomes  free  (Fig,  72,  X). 
Presently    the    spindle-fibres    between   the 

two    groups    begin    to    become    indistinct. 

=gg-«,iL  (After  Boveri.)     ^^^  ^^^  threads  become  twisted  again  into 

a  coil   at   each  pole  (Fig.  72,  F).     During 

this   process   the   whole  cell-body  has  become  constricted   by  a 

circular  groove,  the  plane  of  which  stands  at  right  angles  to  the 

axis  of  the  two  nuclear  poles.     The  groove  becomes  deeper  and 

deeper,  until  finally  the  whole  cell  divides  into  two  equal  halves, 

each  of  which  possesses  a  nucleus ;  the  latter  surrounds  itself  with 

a     new     nuclear     membrane,      the     spindle-fibre-s     completely 

disappearing,  and  thus  returns  to  its  resting-stage.     Thus  by  the 

division  of  the  mother-cell  two  daughter-cells   have   arisen,  and 

these   continue   the  growth  on  their  own  behalf  (Fig.    72,   F). 

But  during   the   division  a   phenomenon    has  appeared   in   the 

protoplasm.     Simultaneously  with  the  appearance  of  the  spindle, 

•■■he   poles  of  which  are  formed  by   the   centrosomes,   two   star- 

bd  figures  begin  to  appear  in  the  protoplasm,  by  the  latter 

ging  itself  at  each  pole  like  rays  around  the  centrosome 

centre ;   the  centrosomes   thus  become  surrounded  exactly 

1.W0  suns  by  a  closed  circle  of  rays  (Fig.  73).     As  the  spindle- 

1  become  indistinct  the  protoplasmic  rays  also  disappear. 
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This  mode  of  mitotic  nuclear  division  is  the  same  in  the  different 
forms  of  cells,  almost  without  exception  and  even  to  the  finoat 
details.  But  the  division  of  the  cell  as  a  whole  does  not  always 
proceed  in  exactly  the  same  manner.  Deviations  from  the  tyiw 
occm-  in  various  cases,  especially  in  the  division  of  egg-cells  that 
contain  much  nutrient  material  (yolk).     With  0.  Hertwig  ('921 


I     (Ffl/rricin).     A,  Proloplaa 


id  BUrfRfu  uf  tho  on ;  pr,  protopUnnlc  pole  ; 
t  Hertwig.)  ;/.  Uneqiul  dlvlrioD  of  tha  egg 
r,  polo  rich  In  yoU'.    (After  H«>ckcL) 


all  known  forms  of  cell-division  can  be  conveniently  classified  under 
four  types — 

I.  Total  division. 

(I.  Equal  division. 

b.  Unequal  division, 

c.  Gemmation. 
II.  Partial  division. 

til.  Multiple  division. 
IV.  Reducing  division. 

In  total  divinon,  the  protoplasm  of  the  daughter-cells  is  com- 
pletely divided  by  a  partition,  so  that  complete  cells  always  result 
from  the  division.  But  certain  differences  are  here  noticeable. 
In  one  case,  that  of  epial  division,  the  daughter-cells  are  entirely 
equal,  as  in  the  type  described  above  (Fig.  72,  .f).  In  another 
case,  that  of  unequal  division  (Fig.  74),  the  two  daughter-cells  are 
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aneqQftl  in  size  and  their  contents  differ :  the  larger  one  contains 
the  chief  mafi«  of  the  {lassive  yolk,  while  the  smaller  one  coosists 
[iriiwipnlly  of  actire  protoplasm.  Id  this  way  differences  arise 
which  have  an  important  bearing  apon  the  subsequent  divisions, 
and  becMDe  constantly  greater.  In  the  third  case,  that  of  ^^mfnA^ton, 
only  a  wery  small  portion  of  the  egg-cell  becomes  divided  off;  this 


occurs  especially  during  the  maturation  of  the  egg  in  the  forma- 
tion of  the  so-called  polar  bodies  or  direction -corpuscles,  where 
the  process  occurs  twice  in  succession  (Fig.  V5). 

In  partial  division  the  groove  that  separates  the  two  daughter- 
halves  extends  not  through  the  whole  cell,  but  through  a  part 


.— Dlsc<jl<ta1  cLoiriigD  ..I  Ibc  ugg  of  u  I'vphjilupod.    (Atler  Wuliwo.) 

only,  80  that  in  subsecjuent  divisions  the  daughter-halves  renmin 
imit>ed   on   their   under   side   by  a   common   protoplasmic   mass 
~     "'fl).     This  form  b  termed  distoidal  cleavage. 

Uiple  divifion,  no  division  whatever  of  the  protoplasm 
it  first,  but  the  nuclei  alone  multiply  in  the  egg-cell; 
#ever,  they   wander  to  the  surface  and  there  surround 
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themselves  with  a  separate  protoplasmic  covering,  Thlia  there 
osists  upon  the  whole  surface  an  indifferent  yolk-mass  surrounded 
by  a  single  layer  of  separate  cells  (Figs.  77  and  78) — a  phenomenon 
that  has  been  termed  mperjicial  clcaruge. 

A  special  kind  of  multiple  division  ia  spore-fffrmaiion,  which  is 
especially   common   in  the  Protista.     The  characteristic   of  this 
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form  of  cell-multiplication  is  that  the 'nucleus  breaks  up  into  a 
very  large  number  of  tiny  granules.  Each  of  these  small  nuclei 
surrounds  itself  with  a  certain  quantity  of  protoplasm,  so  that  tiny 


quantity  of  protoplasm,  so  that  tiny 
cell- territories  appear,  which  become  free  as  amcebae  or  flagellated 
cells,   while  the   rest   of  the   protoplasmic   body  perishes.      The 
swarm-spore,  set   free,  represents  a  very 
small  cell  containing  a  nucleus,  and  slowly 
develops  into  the  form  of  the  protiatan 
cell  from  which  it  was  derived. 

Finally,  in  redtidng  division,  as  Weis- 
mann  haa  termed  certain  processes  that 
lead  to  the  formation  of  the  ova  and 
the  sperm-cells  in  the  ovarj'  and  the 
testis,  a  slight  deviation  in  the  behaviour 
of  the   chromatic   fibres  of  the  nucleus 

appears  during  division.    The  sperm-cells 

arise  bv  repeated  division  of  other  cells,  thJ  oi^™^  tie  egg -j 

the     sperm     mother-cells.       The     first  nUg™.  (Afior  Biiiiimn,) 

division     of     the     sperm     mother-cells 

proceeds  according  to  the  type  described  above,  but  before 
the  nuclei  have  returned  to  the  res  ting-stage  a  second  diWsion 
takes  plac^,  each  centrosome  dividing  into  two  halves  which 
diverge  from  one  another  and  attract  to  themselves  on  both  sides 
the  chromatic  fibres  that  arise  from  the  first  division,  without  the 
latter  being  able  to  split  lengthwise  as  in  the  normal  division. 
Thus,  one  half  of  the  chromatin-loop.'i  wander  toward  one  jjole, 


If 
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the  other  half  toward  the  other  pole,  so  that  by  this  secood  divi- 
sion each  nucleus  obtains  only  one-half  as  many  chromatin-fibres 
as  in  a  normal  division  (Fig.  79> 


itQie  battm.    (A/ter O.  HernrlK.) 


These  comprise  the  various  forms  of  cell-division  which  have 
become  known  thus  ikr.  The  only  element  common  to  them  all 
is  the  transfer  of  both  nuclear  substance  and  protoplasm  to  the 
danghter-cells. 

3,  Fertilisation 

The  act  of  fertilisation  is  intimately  associated  with  that  pro- 
found mystery  with  which  mankind  is  wont  to  invest  its  most 
8acre<l  feelings.  The  biologist  recognises  that  fact  that  the  un- 
conscious aim  of  normal  sexual  love,  one  of  the  most  powerful 
factors  that  control  organic  life,  is  the  microscopic  act  of  fertilisa- 
tion of  the  female  egg-cell  by  the  male  spenn-cell.  At  first  sight 
it  might  seem  strange  that  so  powerful  motives,  as  are  those  of 
love  in  human  life,  culminate  in  so  tinv  a  phenomenon,  which 
cannot  be  perceived  by  the  naked  eye ;  but  when  it  is  borne  in 
mind  what  the  result  of  this  act  is,  what  an  endless  chain  of  com- 
plex processes  and  changes  associated  with  the  development  of  the 
new  organism  from  the  egg  is  caused  by  fertilisation,  and  what  is 
the  end-result  of  this  long  series  of  developmental  processes — 
namely,  the  highly  complex  animal,  man,  with  the  immeasurable 
richness  of  his  life — then  this  fact  loses  its  strangeness,  and  we 
come  to  attribute  to  the  tiny  act  of  fertilisation  an  extraordinarj- 
significance,  which  it  contains  in  pote^itia.  It  is  no  wonder,  there- 
fore, that  since  early  times  physicians  and  men  of  science  have 
made  sexual  reproduction  the  subject  of  deep  research.  Yet  it  was 
not  till  after  Leeuwenhoek  had  constructed  the  microscope  that 
his  pupil,  Ludwig  van  Hammen,  discovered  the  sperm-tells,  which 
because  of  their  active  intrinsic  movements  were  called  "  sperm- 
'  'jules "  or  "  spermatozoa."  And  only  the  unlooked-for 
ion  of  the  microscope  in  the  present  time  has  made  jwssible 
iliant  work  of  Butschli,  Fol,  Hertwig,  van  Beneden,  Boveri, 
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and  others,  who  have  thrown  light  upon  the  minute  details  of  the 
phenomena  of  fertilisation. 

In  the  human  being  and  the  higher  animala  the  process  of  fer- 
tilisation cannot  be  observed,  because  it  is  concealed  in  the  inte- 
rior of  the  female  body,  and  it  is  not  possible  to  keep  the  egg-cells 
alive  outside  of  the  body  and  there  fertilise  them  with  siKsrm.  This 
latter  method,  however,  succeeds  with  certain  lower  animals,  and 
hence  in  eggs  that  are  particularly  large  and  transparent,  such  as 
those  of  the  sea-urchin  and  the  round-worm  of  the  horse,  the 
whole  course  of  this  interesting  process  has  been  carefully  studied. 

As  has  already  been  seen,  the  male  and  the  female  germ-cells 
are  differentiated  very  differently.  While  the  ova  usually  are 
large,  spherical  or  amoeboid  cells  consisting  of  a  vesicular  nucleus 
ana  much  protoplasm,  the  latter  containing  the  building-materials 
for  the  future  development  (Fig.  80),  the  spermatozoa  are  ex- 


ji  "pongii.    (A/lor  Hull 


tremely  tiny  in  coniiJarison  with  them.  The  spermatozoa  consist 
chiefly  of  nuclear  substance,  and  have  only  a  thin  protoplasmic 
covering;  in  most  cases  the  latter  is  extended  into  a  motile 
flagellum,  the  tail,  which  is  distinguished  fiom  the  rest  of  the 
body,  the  head,  and  serves  for  the  movement  of  the  spermato- 
zoon in  seeking  the  ovum.  The  finer  structure  of  the  sperm-cell, 
as  the  detailed  investigations  of  Ballowitz  ('90)  have  recently 
shown,  is  very  complicated,  and  very  various  differentiations  occur 
among  different  animals.  The  accompanying  illustrations  present 
some  examples  of  this  (Fig.  81).  But  both  the  sjiermatozoa  and 
the  ova  are  always  complete  cells,  and  contain  both  the  essential 
cell-constituents,  protoplasm  and  nucleus — a  fact  upon  which 
special  emphasis  should  be  laid. 

Before  fertilisation  takes  place,  in  some  cases  also  during  the 
beginning  of  fertilisation,  there  occurs  the  maturation  of  the  ovum, 
which  consists  in  the  formation,  by  means  of  two  successive 
divisions  of  the  nucleus,  of  two  buds,  the  polar  bodies  or  direction- 
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corjnisdeSy  and  their  subsequent  extrusion  (Fig.  75,  p.  196).  Fer- 
tilisation, therefore,  consists  in  the  union  of  a  mature  egg-cell  with 
a  sperm-cell,  in  which  process  the  latter  seeks  the  former  by  its 
own  locomotion.  We  shall  become  acquainted  with  the  mode  of 
locomotion  later  in  considering  the  phenomena  of  movement. 

The  process  of  the  union  of  two  cells  is  a  phenomenon  that 
occurs  not  only  in  sexual  reproduction  but  is  constantly  met  with 
among  unicellular  organisms,  where  sexual  diflFerentiation  cannot 
be  said  to  exist.  There,  in  the  Protista,  it  is  known  by  the  name 
oi  conjugation.  Conjugation  occurs  even  among  the  unicellular 
shell-bearing  Bhizqpoda,  e.g.,  in  I>ifflugia,  which  is  provided  with 
a  delicate  capsule.    In  this  genus  two,  and  sometimes  three,  four. 
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Fig.  81.— Variou*  fomu  of  spermatozoa,  a,  From  a  bat  ( ]  upervgo  noctuma)  (after 
Ballowits) ;  b  and  e,  from  the  frog ;  d,  from  the  finch ;  e,  from  the  sheep ;  /  and 
g,  from  the  pig.  (After  Schweigger-SeideL)  A,  From  a  medusa ;  i,  from  a  monkey 
(Cercopitheeus) ;  ^  from  a  crustacean.  (After  Glaus.)  A-,  From  the  round-worm  (after 
Boveri). 

or  even  more,  of  the  sluggish  protoplasmic  forms  creep  closely 
together;  their  protoplasmic  bodies  lie  in  contact  with  one 
another,  then  coalesce  into  a  common  mass,  and  finally  separate 
after  the  protoplasm  of  the  various  bodies  has  mixed  and  certain 
changes  in  the  nuclei  have  taken  place.^  The  phenomena  of 
conjugation  in  ciliate  Infusoria  have  been  studied  very  thoroughly 
by  Btitschli  (76),  Balbiani  ('61),  Maupas  ('88),  A.  Gruber  ('86,  2), 
and  R.  Hertwig  ('88 — '89).  Paramcedum  is  an  oblong  infnsorian, 
completely  ciliated  upon  the  outside,  and  constitutes  an 
extraordinarily  favourable  object  for  cell-physiological  investiga- 
tions of  the  greatest  variety.  Paramcecia,  visible  to  the  naked 
eye,  may  be  cultivated  in  great  quantity  in  decomposing  hay- 
infusions  and  may  be  kept  in  stock.  It  is  frequently  observed 
that  an  epidemic  of  conjugation  suddenly  appears  throughout  the 
whole  culture,  so  that  almost  none  but  conjugating  individuals  are 
found.     The  phenomena  of  conjugation  are  as  follows: — Two  indi- 

1  Of.  Verwom  ('90,  1). 
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apply  themselves  jhirallisl  tu  one  another  at  their  raouth- 
8  (Fig.  82, 1.,  o),  their  maasea  of  protoplasm  join  toget' 
iridge,  and  very  characteristic  changes  in  the  nuclei  begin. 
As  above  remarked,  ciliate  Infusoria  have  two  forms  of  nucleus — 
a  maoronucleus,  or  chief  nucleus,  and  one  or  more  micronuclei,  or 
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accessory  nuclei.  During  conjugation  the  macronucleus  perishes, 
disintegrating  and  dissolving  in  the  protoplasm.  If  the  ParamcB- 
eium  be  a  form  possessing  one  micronucleus,  such  as  Param(revu7» 
caudatuni,  where  the  relations  are  simplest,  the  micronucleus  in 
each  individual  divides  twice  in  succession,  so  that  four  partial 
,  nuclei  arise.     Three  of  these  likewise  dissolve  in  the  protoplasm. 
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but  the  fourth  divides  once  more  in  each  individual,  and  one 
half  (the  "  male  "  nucleus)  passes  over  the  protoplasmic  bridge 
into  the  other  individual,  sij  that  each  one  of  the  pair  now  con- 
tains a  "  female  "  nucleus  of  ita  own,  and  a  "male"  nucleus  from 
the  other.  These  two  nuclei  immediately  fiise  together  and  then 
divide,  one  half  becoming  a  new  macronucleus,  and  the  other  half 
a  new  micronucleus.  After  such  a  mutual  exchange  of  half-nuclei. 
the  pair  separate  again  and  the  conjugation  is  ended. 

The  phenomena  of  fertilisation  in  sexual  reproduction  are  derived 
phylogenetically   from    the   conjugation    of   asexual    unicellular 
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organisms ;  essentially  the  same  facts  are  found  in  the  former  as 
in  the  latter.  The  process  of  fertilisation  is  not  entirely  the  same 
in  different  species ;  at  least  in  the  two  species  that  thus  far  have 
been  most  fully  investigated,  the  egg  of  the  sea-urchin  and  that  of 
the  thread-worm  of  the  horse,  some  slight  differences  have  been 
observed,  although  the  essential  factors  agree  throughout. 

We  shall  consider,  first,  the  fertilisat.ion  of  the  uv^im  of  Hie  thread- 

1.     The  maturation  of  the  ovum,  j,f..  the  extrusion  of  the 

bodies,  takes  place  while  the  sperm-cell  is  entering  the  egg. 

s  the  latter  process  is  taking  place  (Fig.  83,  /),  the  egg- 

X»,  which  up  to  this  time  has  lain  in  the  middk-  of  the  egg. 
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wanders  to  the  surfat'e  (Fig.  83,  //),  where  it  divides  twice  in 
siiccesaion  and  gives  o£f  the  polar  bodies  (Fig.  83,  ///  and  /jO- 
In  the  meantime,  the  protoplasm  of  the  sperm-cell  baa  fused  with 
the  protoplasm  of  the  egg-eell  and  withdrawn  from  further  ob- 
servation. The  sperm-nucleus,  however,  has  wandered  into  the 
middle  of  the  egg,  to  which  place  also  the  egg-nucleus,  after  giving 
otf  the  polar  bodies,  returns  from  the  periphery.  The  two  nuclei 
now  apply  themselves  to  one  another,  surround  themselves  with  a 
transparent  envelope,  and  show  distinctly  two  large  chromatic 
loops  in  each.  At  the  same  time,  two  centrosomea  become  visible 
and  begin  to  surround  themselves  at  opposite  aides  of  the  nuclei 
with  a  circle  of  rays  (Fig.  83,  V).  In  the  thread-worm  the  nuclear 
substances  do  not  fuse,  but  the  well-known  spindle  of  nuclear 
division  develops,  beginning  at  the  two  centrosomes,  and  the 
spindle-fibres  on  either  side  draw  to  their  respective  poles  one 
chromatic  loop  from  the  egg-nucleus  and  one  from  the  sperm- 
nucleus,  so  that  each  half  of  the  egg-cell  obtains  one  nuclear  com- 
ponent from  the  egg  and  one  from  the  spermatozoon  (Fig,  83,  VJ). 
The  fertilisation  is  thus  ended,  and  at  the  same  time  the  iirst 
division  of  the  ovum  is  prepared  for;  the  latter  now  proceeds  in 
the  usual  manner,  the  egg  being  constricted  through  the  equator 
of  the  spindle,  while  the  nuclei  in  the  two  halves  assume  their 
resting- form. 

As  regards  individual  points,  the  fertilisation  of  the  egg  of  the 
sea-urchin  proceeds  somewhat  differently.  The  maturation  of 
the  ovum  is  completely  ended  when  the  spermatozoon  enters. 
Further,  the  egg-  and  the  sperm-nuclei  fuse  completely  into  a 
single  nucleus  before  the  division  into  the  first  two  cleavage-celts 
of  the  ovum  takes  place.  Fol  ('91)  supposed  that  he  had  made 
in  the  further  course  of  the  fertilisation -process  an  observation  of 
special  interest,  because  it  appeared  to  shed  some  light  upon  the 
Irehaviour  of  the  centrosome.  What  he  saw  was  the  following: 
With  the  sperm-cell,  a  sperm -centrosome  enters  the  ovum,  which 
still  possesses,  in  addition,  its  own  centrosome.  After  the  union  of 
egg-nucleus  and  sperm-nucleus  the  two  centrosomea  come  to  lie 
at  the  two  opposite  poles  of  the  common  nucleus,  which  is  sur- 
rounded by  a  simple  protoplasmic  radiation.  Each  of  the  two 
centrosomea  thereupon  divides,  constricting  itself  like  a  dumb-bell 
into  two,  each  of  which  wanders  across  to  the  other  of  the  opposite 
side,  a  phenomenon  that  was  termed  by  Fol  the  "  quadrille  of  the 
centrosomes."  Thus,  each  half  of  the  original  e^-centrosome 
comes  into  union  with  one  half  of  the  sperm-centrosomc  and 
finally  fuses  with  it,  so  that  only  two  centrosomes  are  present 
again  at  the  opposite  poles  of  the  nucleus;  each  of  these  two, 
however,  consists  in  half  of  the  substance  of  the  egg-centrosome 
and  in  half  of  that  of  the  apenn-centrosome.  These  two  centro- 
somes now  form  the  poles  for  the  following  division  of  the  nucleus 
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and  become  surrounded  each  vnth  its  own  [Hrotoplasmic  radiaticm. 
ThuH  the  fertilLsatir^  is  ended  and  the  division  of  the  fertilised 
ovum  into  the  first  two  cleavage-celb  is  introduced.  But,  unfor- 
tunately, this  account  by  Fol  concerning  the  course  of  fertilisation 
and  the  much-quoted  **  quadrille  of  the  centrosomes "  appears  to 
rest  upon  incorrect  observation.  At  least  Boveri  ('95)  and,  in 
harmony  with  him,  Wilson  and  Mathews  ('95)  in  sea-urchin 
eggs,  and  Mead  ('95)  in  the  eggs  of  tube-worms  {CheFtcpi^nu 
pergamentaceti$),  have  found  that  such  a  quadrille  of  the  centrosomes 
does  not  exLst,  that  rather  the  centrosome  of  the  egg-cell  perishes 
and  disappears  (Mead)  without  playing  any  rdU,  while  that  of  the 
sperm-cell  after  fertilisation  divides  alone  in  the  egg-cell  into  two 
centrosomes,  each  of  which  becomes  a  centre  for  the  protoplasmic 
radiation  and  the  succeeding  division  of  the  fertilised  ovum. 

A  r6mim4  of  the  essential  £stctors  of  the  phenomena  of  fertilisa- 
tion leads  to  the  following  statement :  Fertilisation  eongists  in  the 
union  of  two  cells,  the  egg-eell  and  the  9per7n^ell,in  which  protoplasm 
fiiM$  imih  protoplasm  arid  niuUus  with  nucleus;  thus,  in  the  succeed- 
ing division  of  the  fertilised  egg-cell  each  half  obtains  material  from 
both  the  fused  cells,  and  from  both  the  protoplasm  and  the  nucleus. 

4.  TJie  Development  of  the  Multicellular  Organism 

Development  may  be  defined  in  a  general  sense  as  a  continuous 
series  of  changes.  If  we  leave  out  of  consideration  the  repro- 
duction of  the  multicellular  organism  by  the  constriction  of 
entire  parts  of  the  body,  as  in  gemmation  and  fission,  where  the 
essential  cell-groups  of  the  individual  systems  of  organs  are 
transferrefl  directly  fi-om  the  parent  organism  to  the  buds  or 
proflucts  of  fission,  the  formation  of  the  multicellular  organism 
consists  only  in  its  development  from  the  egg-cell.  The  multi- 
cellular organism  develops  gradually  from  a  single  cell,  whether 
the  egg  develops  without  fertilisation,  as  in  the  interesting 
phenomenon  of  parthenogenesis  (which  occurs  in  certain  lower 
animals  and  afibrds  a  real  background  for  the  ancient  legend  of 
the  immaculate  conception),  or  whether  the  egg  has  previously 
been  fertilised,  as  is  the  general  rule  in  the  development  of 
animals  and  plants. 

Development  is  present  in  unicellular  organisms,  but  here 
the  whol(j  cycle  proceeds  in  a  single  cell.  The  development 
of  the  Protista  forms  an  interesting  analog}^  to  that  of  multi- 
cellular organisms,  both  animals  and  plants.  In  the  lowest  forms, 
such  as  Amosba,  development  is  identical  with  simple  growth.  An 
Amccha  changes  simply  by  increasing  in  mass  and  then  dividing. 
The  halves  then  grow  again  until  they  become  so  large  that  they 

The  whole  developmental  cycle  of  Amoeba  consists 
)  to  cell-division.     We  see,  therefore,  that  growth  and 
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fceil-ttiviaion  are  the  simplest  elements  that  devL'lopiiient  demands  : 
in  fact,  in  the  whole  liMng  world  there  is  no  development  without 
growth  and  cell-division.     In  all  Protista  that  reproduce  by  spore- 
formation,  there  occurs  a  development  expressing  itself  in  com- 
plex changes  of  form.     In  thia  case  the  spores,  which  are  totally 
unlike  the  mother-cell,  must  pass  through  a  series  of  changes  of 
form  until  they  become  like  it.     The  development  of  the  Protista 
has   been    little    studied.      Nevertheless.    Rhumbler    ("88)    has 
^^fbllowed  completely  and  with  great  care  that  of  the  infiisorian 
^Bgenus  Colpoda.     Colpoda  is  a  small  bean-ahaped  infiisorian.  the 
^Kurface  of  whose  wholo  body  is  ciliaterl  (Fig.  84,  A).     In  ,apore- 


Fio.  84.— DoYulopioont  ol  Calpoila 


(Aflor  KhHinl.Iur.) 


imation  the   body   smrounds   itself   with  a  thick   envelope  or 

ret  (B),  within  which  by  giving  off  water  the  body  constantly 

s  its  volume.     Finally  it  extrudes  all  undigested  food- 

I  particles  and  draws  itself  together  into  a  ball  (C),  which  loses  its 

cilia  and  surrounds  itself  by  a  second  smaller  envelope  (B).      The 

contents  of  this  second  envelope  (E)  break  up  into  single  spores, 

which   together   with  a  remnant   consisting   of  useless  material 

[burst  the  capsule  and  freely  wander  out  (F).    From  each  spore  (G) 

»  new  individual  develops  by  the  spore  transforming  itself  into  a 

BDall  amttba-like  being  which  creeps  about,  takes  food,  grows 

UM,  J,  K,  L),  develops  a  long  flagellum  with  which  it  swims  (if). 

md  finally  contracts  into  a  small  spherical  cell  (N),  which  covers 

,ta  surface  with  cilia  (0).  and  by  further  growth  gradually  assumes 

Sie  form  of  a  Colpoda  (P,  Q,  S).     Thus  the  developmental  cycle  is 

»ra]jleted. 
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That  which  comes  to  jiaas  among  the  Protista  in  a  single  ceL, 
takes  place  in  an  aggregate  of  cells  in  the  development  of  the 
multicellular  organism.  In  accordance  with  the  above  considerations 
concerning  reproduction,  the  development  of  the  multicetltilar 
organism  from  the  unicellnlar  egg  can  take  jilace  by  continued  cell- 
division  only.  But  in  this  process  two  factors  play  important  r6lts  : 
first,  the  products  of  the  division  of  the  egg-cell  do  not  separate 
as  in  most  PnAinta,  but  remain  in  connection  with  one  another; 
and,  second,  the  products  of  division  are  not  always  alike,  but  by 
unequal  division  two  forms  of  cell,  wholly  different  from  each 
other  and   from   the  mother-o^ll,  can  arise.     In  this  manner  is 


rendered  possible  the  origin,  not  only  of  a  multicellular  organism. 
but  of  such  an  organism  with  differentiation  of  various  kinds  of 
tissues  and  organs.  If  the  first  factor  alone  were  present,  there 
would  result  a  cell-community  consisting  of  many  celb,  all  of 
which,  however,  would  be  alike.  Such  organisms  exist  among 
Protista  (Fig.  85),  and  are. regarded  as  cell-colonies  that  have 
a  republican  constitution,  i.e.,  in  which  every  cell  is  exactly 
like  every  other.  These  foi-ms  are  the  intermediate  links  be- 
tween the  really  unicellular  organisms  and  the  animals  or  plants. 
In  the  bodies  of  animals  and  plants,  even  the  lowest,  the  cells 
are  not  all  alike,  and  this  differentiation,  through  which  alone 
the  development  of  a  complex  cell-community  becomes  possible, 
"•"ftojids  upon  the  efficiency  of  the  second  factor,  unequal  cell- 
Hence,    cell -division,    both    equal    and   unequal,    and 

of  the  cells  are  the  factors  that  bring  about  the  develoj^ 

*  differentiated  celt-communitv. 
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special    pheiiomtina    of   the 
i,  and  must  refer  the 
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We    cannot    go    further    into    the 
individual  development  of  animals  an 

reader  to  the  detailed  worka  of  Haeckel  (^91),  O.  Herbwig  ('90),  and 
Korschelt  and  Heider  ('90),  who  treat  embryologj-  as  an  independ- 
ent science.     We  must,  nevertheless,  glance  at  that  important  law 
which,  as  has  already  been  seen,  prescribes  a  definite  path  to 
individual  development,  namely,  the  fundamental  law  of  biogenesis. 
Karl   Ernst  von  Baer,  the  founder  of  embryology,  discovered 
that  in  the  embryonic  development  of  widely  different  forms  of 
Imals,  stages   occur   that  appear  strikingly  similar;  and   after 
.rwin's  epoch-making  labour  Fritz  Miiller  ('64)  expressed  clearly 
•  fact  that  the  developmental  history  of  the  individual  is  a  short 
ipetition  of  the  whole  course  of  development  which  the  corres- 
inding  species  has  undergone  during  the  development  of  the 
iTth.     It  was  Haeckel's  service  to  formulate  more  exactly  the 
fundamental  law  of  biogenesb  and  emphasise  the  existence  of  a 
causal  relation  between  ontogeny  and  phylogeny.     Haeckel  ('66) 
showed   that    indivi<lual    development,  or   ontogeny,  is   only   in 
gross   outline   a  repetition  or  palingeny  of  the    racial  develop- 
ment or  phylogeny,  out  that  this  repetition  is  frequently  blurred  or 
falsified  by  the  appearance  of  phenomena  that  are  not  present  in 
the  phylogeny  of  the  corresponding  form  and  which,  therefore, 
he  termetf  the  phenomena  of  falsified  development  or  cenogenff. 
Hence,  in  the  individual   development   of  every   organism,   two 
elements  may  be  distinguished  :  first,  the  palingenetic  phenomena, 
which  recapitulate  in  brief  the  racial  development  of  the  form  in 
question,  and,   second,   the  cenogenetic   phenomena   which   have 
arisen  supplementarily  by  adaptation  aud  have  altered  and  blurred 
the  coiirae  of  the  palingenetic  phenomena. 

I  The  causal  explanation  of  these  facts  lies  in  the  two  factors  which, 
iiH  has  been  seen,  control  the  whole  development  of  organic  life, 
namely,  heredity,  which  maintains  form,  and  adaptation,  which 
changes  it. 

The  characteristics  of  an  organism  comprise  more  than  those 
which  it  shows  at  any  single  moment  of  its  development  or 
as  an  adult  animal.  To  tnem  belong  the  whole  sum  of  pe- 
iCulianties  and  changes  which  it  has  shown  &om  its  simplest 
^ginnings ;  for  the  later  characteristics  do  not  represent  any- 
■thmg  new  and  spontaneous,  but  proceed  immediately  and  continu- 
ously from  the  earlier  ones.  If,  therefore,  heredity  conveys  the 
characteristics  of  the  parents  to  the  offspring,  it  must  convey 
to  the  latter,  not  only  the  characteristics  possessed  by  the 
parents  at  the  moment  of  the  production  of  the  offspring,  but 
*he  whole  sum  of  parental  characteristics,  and  among  them  those 
ihat  the  parents  have  shown  during  their  development.  Hence 
ihe  peculiar  course  of  development  that  the  parents  have  gone 
ugh  must  be  transmitted  to  the  children,  and  the  latter  must 
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III.    The  Phenomena  of  Trassfohmation  of  Energy 

A.      THE   FORMS  OF  ENERGY 

For  a  long  time  natural  science  has  distinguished  different 
forces  which  bring  about  the  phenomena  of  motion  in  nature.  In 
the  scientific  sense  force  is  nothing  but  an  exjjressich  for  the 
cause  of  motion,  for  we  know  nothing  concerning  it  except  that  it 
causes  motion.  Sense-perception  is  not  force,  it  is  merely  motion. 
Accordingly,  since  early  times,  wherever  diflferent  kinds  of  motion 
have  been  seen,  different  kinds  of  force  have  been  assumed.  It 
thus  came  about  in  time  that  a  large  number  of  forces  were 
distinguished,  which  could  not  in  any  way  be  compared  with  one 
another,  because  some  kinds  were  only  special  cases  of  others,  some 
were  combinations  of  several*  kinds,  ana  some  were  not  forces  at 
all.  The  force  ofgravity,  muscular  force,  and  the  force  of  will  were 
all  spoken  of  This  condition  of  things  has  not  yet  wholly  dis- 
appeared. The  forces  that  physics  still  recognises  are  not  equivalent 
things,  and  little  light  has  been  thrown,  even  yet,  upon  the  rela- 
tions of  certain  ones  to  others. 

In  recent  times,  in  accordance  with  the  usage  of  Th.  Young 
and  Thomson,  the  old  and  easily  misunderstood  name  "  force  "  has 
been  replaced  by  the  term  "  energy."  and  what  earlier  were  termed 
different  forces  are  termed  now  different  forms  of  energy.  Thus, 
physics  now  recognises  in  general  the  following  forms  of  energy : 

Chemical  energy  (chemical  affinity,  attraction  of  atoms). 

Molecular  eneigy  (cohesion, adhesion,  attraction  of  molecules). 

Mechanical  energy  (pressure,  traction,  thrust). 

Energj-  of  gravitation  (gravity,  attraction  of  maasi.-s). 

Thermal  energy  (heat). 

Photic  energy  (light). 

Electrical  energy  (electricity,  galvanism). 

Magnetic  energy  (magnetism). 

We  will  glance  at  these  individual  forms. 

Modem  natural  science,  as  is  well  known,  conceives  the  physical 
world  to  be  composed  of  extremely  small  particles ;  it  temis  the 
particles  that  cannot  be  divided  further  without  losing  their  proper- 
ties, molecules,  and  those  that  compose  the  molecule  and  are  indivis- 
ible, atoms.  Chumkal  energy  is  that  form  of  enei^'  by  which  atoms 
attract  one  another  in  order  to  form  a  molecule  ;  molecular  entrgy 
that  form  by  which  molecules  attract  one  another  in  order  to  form 
masses.  If  a  mass  is  in  motion  and  strikes  against  another  mov- 
able body,  it  puts  this  likewise  into  motion  if  the  impact  be  strong 
enough.  The  form  of  energy  that  puts  in  motion  the  body  that  is 
struck  is  ■mechanical  enert/t/.     Further,  masses  attract  one  another, 
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rjLrr  ibr  *.V-€i:*  ir.  ifce  jnc-I-rir^  a>i  iLe  i&>je«?i!k*  fit  like  mass : 
X-ewTfici'?  iniiEpieuiZ  dkoi'T-err  h  has  bc*esi  kxKrvn  that  the 
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!•:«  i£vr  «i?m.  aod  i£^  iErc«c«  !«!>  ihe  esrtii.  aod  o:«aprk  a  «^<ne  thrown 
Ts^wMzi  lo  return  a^ui  zo  ifce  ^ani.  i*  ^a*In  •:«•  lire  f»fyf  €j/ 
5nffT*^.fltf «m.  FaskZh-.  ^Arr^nA.'.  jt/^xit,  <Udtrioi2^  aad  aR^/siflf  t^  energy 
arir  t2>r  ijC2fi«  <4  ^dstzj  ikas.  psi  ibe  ax«G«D«  <!^  i2>e  hTpothetical 
<iibrr.  Thk&  Sr^-  Tusrrers&I  sfnor  aspd  yesse^ki^s^  ail  bodies, 
irw:-  i&':isir  iim**'  -i^  oiw&ifi  irriT&eid  beas.  iiafet,  tfe«rtiic5tT  and 
sxazTfeetssz. :  i:rina£c>:«da£r?>r  vii&iberesiEarcb£sofn>>ieinplij 
i£ir  pfas^i-o^CA  •:/  beat,  -igii^  eiecifici:!  and  xEsignedan 
fp3ak  the  Tibfa:MCit^  rf  Trrr  UiiLme  pan^ae^ 
STTjior  Pcficrtacc  «b->T«  ihki  ibese  ixm^  -i-f  energr  are 
&:4i  e»jErnJe£i  aad  «iefiazas«r.  If  aZ  zEtaUfEr.  izK^^din^  the 
tryi^ibnianal  giber.  i«  •c»:<&p:eed  ^^  at«^<zt«  as  h^  aiialkss  phjrsical 
|Wik^^  aoi  if  &xkfiiz  ^:^rp:<.ea2  jex5f55  bej-iod  snats^r.  al!  fenns 
•v4f  «&£r^.  sneir  ibej  are  ms^nG^kZr^l  whh  izjas^ts:  *c"353  bare  their 
sea:  is  a2f:^)&  In  -:<ber  v-ccvi?^.  aM<r£§  a;^  ibe  smallest  particles 
^sair^-ed  viih  -eneigr.  and  h  i^  erSdesii  iba*  ibe  £:cm«  *i>f  enefju 
iba:  are  aaE^iadd  ^i^-  ibe  s>:•T^:c2^  »z4  zn^ss*^^  ^^xii  as  gaaiiii.  most 
baTv>  ibecr  aeat  in  a^:<si&  Xc-v.  a  j'-i^.-n.  h  is  in  ibe  bigbes«  degree 
rBXC^oiaiiie  ifaai  exerr  as«>jeii  is  prK'T>(>£id  vrib  ei^i  di&vEiit  fiotms 
rf  easrgT.     Scaas  1I&'  ejtper>a»e-  '■"bki:  5b>»>  tnas  exeiT-wbefe 
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itself  is  always  the  same,  and  that  the  diflFerent  fonns  of  its  appear- 
ance are  merely  cloaks,  which  may  be  exchanged  according  to  the 
conditions  at  the  moment. 

Just  as  we  speak  of  diflFerent  forms  of  energy,  we  can  distinguish 
in  the  single  form  two  diflFerent  modifications,  according  as  the  energy 
actually  produces  motion  or  only  has  potentially  the  capacity  of 
putting  into  action  under  proper  conditions.  Physicists  term  these 
two  modifications  kinetic  energy  (also  actual  energy,  or  energy  of 
motion)  and  potential  energy  (energy  of  position).  The  energy  of 
gravitation,  e.g.,  is  kinetic  when  it  draws  a  stone  to  the  earth  at 
the  moment  when  the  stone  is  set  free ;  it  is  potential  so  long 
as  the  stone  is  fixed  above  the  earth's  surface.  Likewise,  chemical 
energy  is  kinetic  when  it  brings  two  atoms  to  each  other ;  but  it  is 
potential  when  an  atom  has  no  other  one  in  its  vicinity  that  it  can 
attract.  Kinetic  energy  passes  over  constantly  into  potential  energy 
and  vice  verm. 

The  law  of  the  conservation  of  energy,  therefore,  controls  all  that 
happens  in  nature;  it  is  the  fundamental  law  of  energetics. 
According  to  it,  as  has  already  been  seen,  energy  in  the  world 
never  originates  or  disappears ;  the  sum  of  energy  in  the  world  is 
constant,  just  as  the  law  of  the  conservation  of  matter  expresses 
the  same  constancy  in  the  quantity  of  matter.  Where  a  certain 
quantity  of  energy  seems  to  originate  or  disappear,  in  reality  it 
simply  goes  over  into  another  fonn  or  modification.  If,  e.g.,  an 
electric  current  be  passed  through  a  vessel  containing  water,  the 
electrical  energy  seems  to  be  lost.  But  in  reality  it  does  not 
go  out  of  existence,  for  it  has  been  seen  that  the  molecules  of 
the  water  are  decomposed  into  their  hydrogen  and  oxygen  atoms, 
and  these  accumulate  in  a  gaseous  state  upon  the  two  poles  of  the 
electrical  conductors.  Hence  the  electric  current  has  performed 
work  and  has  separated  the  atoms  of  the  molecules  of  water  from 
one  another.  But  the  atoms  of  hydrogen  and  oxygen  set  fi-ee 
have  a  chemical  aflfinity  for  one  another ;  hence  in  the  experiment 
the  kinetic  energy  of  the  electric  current  has  simply  been  trans- 
formed into  the  potential  energy  of  chemical  affinity.  If,  therefore, 
the  separate  atoms  of  hydrogen  and  oxygen  be  brought  again  into 
union  under  proper  conditions,  the  chemical  potential  passes  over 
again  into  kinetic  energy,  and  a  certain  quantity  of  heat  is  liber- 
ated thereby.  This  heat  can  be  transformed  again  into  electricity 
in  a  thermo-electric  apparatus,  and,  if  the  technical  diflficulties 
would  allow  the  whole  experiment  to  be  carried  out  with 
suflScient  exactness,  it  would  be  found  that  the  same  quan- 
tity of  electricity  has  again  been  obtained  as  was  consumed 
previously  in  the  splitting-up  of  the  water.  During  all  trans- 
formations the  original  quantity  of  energy  remains  the  same.  In 
order  to  have  a  unit  for  the  measurement  of  any  quantity  of 
energy,    physicists    have    chosen,    in    accordance    with     Joules 
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researches  upon  the  relation  of  heat  to  mechanical  energy,  a 
certain  quantity  of  heat  as  the  unit  of  heat  or  calorie.  A 
calorie  is  that  quantity  of  heat  that  is  necessary  to  warm  one 
kilogram  of  water  frr^m  0'  to  1**  C.  Heat  was  chosen  with  good 
reason  as  that  form  of  energy  which  may  serve  as  a  unit  of 
measure  for  all  others,  for  it  holds  a  peculiar  position  in  relation 
to  all  others ;  it  is  the  sole  form  into  which  all  others  can  be 
transformed  completely.  When,  therefore,  it  is  desired  to  express 
in  numbers  a  quantity  of  any  desired  form  of  energy,  «.^., 
mechanical  or  chemical  energy,  the  latter  is  expressed  in  measures  of 
heat,  that  is,  in  the  number  of  equivalent  calories.  Thus,  one 
calorie  computed  in  the  form  of  mechanical  work  corresponds  to 
the  quantity  of  energy  that  is  needed  to  raise  a  weight  of  424 
kilograms  one  metre  high;  in  other  words,  the  mechanical 
equivalerU  of  one  calorie  is  424  kilogrammetres  and,  vice  versa, 
one  calorie  is  the  heai-equivalerU  of  424  kilogrammetres.  In 
the  same  way  the  quantity  of  all  other  forms  of  energy  can  be 
expressed  in  heat-equivalents.  The  calorie  is  the  unit  of  measure 
for  all  energy. 

B.   THE  INTRODUCTION  OF  ENERGY  INTO  THE  ORGANISM 

Life  has  often  been  compared  with  fire,  an  idea  which  plays  a 
r6le  in  the  oldest  mythological  folk-views  of  nature  and,  as  is  well 
known,  first  assumed  a  fixed  form  in  the  philosophy  of  Heraclitus. 
In  many  points  the  comparison  is  fitting.  To  extend  it  somewhat 
further,  the  organism  is  the  burning  coal  which  is  being  constantly 
consumed,  the  breath  is  the  smoke,  and  the  food  is  the  fireshly 
added  fuel  which  constantly  replaces  the  old.  Just  as  the  burn- 
ing mass  of  coal  represents  a  pnysical  system  in  which  a  continual 
transformation  of  energy  is  taking  place,  potential  energy  being 
introduced  with  the  fuel  and  transformed  into  two  forms  of  kinetic 
energy  manifest  outside,  namely,  heat  and,  by  proper  arrangement, 
as  in  the  steam  engine,  mechanical  work,  so  an  organism  is  a 
physical  system  in  which  a  similar  transformation  of  energy  con- 
tinually takes  place.  Just  as  by  heaping  new  coal  upon  the  fire, 
energy  is  added  in  the  potential  form,  so  also,  at  least  in  the  animal 
organism,  by  far  the  greater  part  of  all  the  energy  introduced  is 
potential  energy.  The  introdicction  of  energy  is  considerably  less 
evident  to  the  eye  than  the  proihcction  of  energy;  the  latter 
results  from  the  transformation  of  the  introduced  potential  and 
is  expressed  in  movements  and  other  visible  work. 

1.  The  Introduction  of  CJiemical  Energy 

Since  confused  ideas  concerning  the  transformation  of  energy 
in  chemical  processes  are  wide-spread,  it  will  be  advantageous  first 
f^  ' '  be  general  fieuits. 


By  chemical  energy  is  underetdod,  as  is  well  known,  the  capacity 
I  «t'  atoms  to  attract  other  atoioB ;  this  property  has  also  bemi 
1  termed  chemical  aiEnity,  Everj-  atom,  regarded  as  isolated, 
I  represents  accordingly  a  small  magazine  of  energy.  The  chemical 
I  energy  in  it  is  potential  so  long  as  the  atom  has  no  opportunity 
L  to  unite  by  means  of  its  affinity  with  another  atom.  But,  as  soon 
I  AS  two  atoms  combine,  a  part  of  the  potential,  corresponding  to 
I  the  strength  of  their  atfinities,  passes  over  into  kinetic  energy  and 
[  is  set  free  in  the  fonn  of  heat,  light,  mechanical  energy,  etc. 
I  Since,  further,  chemical  affinity  is  quantitatively  very  different  in 
r  different  kinds  of  atoms,  the  stronger  the  combining  affinities,  the 
[  more  energy  is  set  free.  A  chemical  compound,  must,  therefore, 
I  contain  less  potential  energy,  the  stronger  the  afBnities  are  that 
\  have  brought  together  its  atoms.  Viae  versa,  if  two  combined 
L  atoms  become  separated,  a  certain  quantity  of  kinetic  energy  is 
I  absorbed  in  the  process,  and  after  the  separation  the  same  quan- 
tity appears  agam  in  the  potential  form  as  the  free  affinities  of 
I  the  atoms.     Thus  there  is  a  complete  cycle. 

An  example  will  make  this  relation  more  evident.      Suppose 

a  strong  glass  cylinder  to  be  inverted  over  a  mercury  trough  and 

J  to  contain  in  a  small  space  free  from  mercury  a  gaseous  mixture 

'  consisting  of  two-thirds  hydrogen  and  one-third  oxygen ;   such  a 

mixture  consists  of  molecules  whose  atoms  contain  large  quantities 

of  potential  energy  in  the  form  of  chemical  affinity  for  one  another. 

If,  now,  the  conditions  be  made  such  that  the  atoms  of  oxygen 

^^^  and  hydrogen   can  combine,  the  atoms  rush  eagerly  toward  one 

^^K  another,  unite  and  give  otf  to  the  outside  all  their  stored  potential 

^^H  in  the   fonn   of  heat,  light,   and   mechanical   energy.      A  spark 

^^V  appears,  the  cylinder  becomes  heated,  and  the  mercuiy  is  forcibly 

diiven  down.      The  latter  soon  rises  again,  for  the  vapour  that 

results  from  the   union   of  the   atoms  of  oxygen  and  hydrogen 

becomes  condensed  with  the  increasing  cooling  into  water,  which 

I  finally  occupies  only  a  minute  space  within  the  cylinder.  Thus, 
■in  the  synthesis  of  water  from  hydrogen  and  oxygen  the  potential 
'tsiergy  of  chemical  affinity  is  transformed  into  kinetic  energy  and 
&  set  fr^e  as  heat,  light,  etc.  Hence  the  molecule  of  water  has 
lost  to  its  environment  this  quantity  of  enei^,  and  this  can  be 
•exactly  determined.  Vice  versa,  the  atoms  of  water  can  be 
separated  again  into  atoms  of  hydrogen  and  oxygen  by  introducing 
from  outside  the  same  quantity  of  ener^-  Electrical  energy 
serves  best  for  this  purpose.  If  an  electnc  current  be  passed 
through  water,  atoms  of  hydrogen  and  oxygen  are  set  free  at  the 
poles  in  the  same  degree  as  the  electrical  energy  disappear. 
Hence  energj'  is  absorbed  in  separating  the  atoms  of  the  water- 
molecule  ;  but  this  energy  appears  again  as  the  potential  of 
chemical  affinity  in  the  free  atoms,  for,  when  the  free  hydrogen 
I  and  oxj'gen  are  brought  into  combination,  kinetic  energy  is 
I  obtained  anew,  and  so  on. 


214  GSNSRAL  PHTBIOLOGIT 

This  consideration  is  very  important,  for  from  it  there  follows  a 

Erinciple  of  fiEur-reaching  significance  which  usnallY  is  not  fonoia- 
ited  with  sufficient  cieamess,  viz. :  In  the  ambmaUm  qf  aicm$ 
kinetic  energy  is  liberated;  in  the  eqfaration  qf  atonu  kmMc  esMftfff 
is  absorbed. 

This  principle,  which  is  a  necessary  sequence  of  the  law  of  tlie 
conservation  of  energy,  must  be  consid^ed  as  a  fundamental  one 
for  all  chemical  transformations,  and  forms  the  starting-point  for 
an  understanding  of  all  the  phenomena  connected  with  the  tiazia- 
formation  of  energy  within  the  living  organism.  That  as  a  rule 
it  has  not  been  established  and  applied  with  sufficient  desmeas* 
is  to  be  ascribed  chiefly  to  the  fisK^t  that  in  certain  cases  at  first  sight 
it  suffers  apparently  an  exception.  To  make  the  relations  dsBr, 
this  must  be  considered,  at  least  briefly. 

To  express  in  terms  of  heat  the  energy  that  is  transformed  in  a 
chemical  process,  there  are  recognised  processes  in  which  heat  is 
evolved  and  processes  in  which  heat  is  absorbed.  In  aooordsaoe 
with  the  nomenclature  of  thermo-chemistry,  the  heat  that  is  evolved 
in  a  chemical  process  is  termed  the  positive  thermo-chemical  equiva- 
lent, the  heat  that  is  absorbed,  on  the  other  hand,  the  negative 
thermo-chemical  equivalent  From  the  above  considerations,  it 
would  be  expected  that  all  synthetic  processes,  ie.,  all  prooeases 
in  which  bodies  unite,  would  be  accompanied  b^  an  evolation  of 
hoat,  for  in  every  synthesis  atoms  become  umted,  and  in  every 
union  of  atoms  ener^  is  liberated  Vice  versa,  it  would  be  expected 
that  all  decomposition-processes,  i.e,,  all  processes  in  which  united 
atoniH  become  separated,  would  be  accompanied  by  an  absorption  of 
lu^aU  I  f  tho  conceptions  of  synthesis  and  decomposition  are  employed 
in  thcnr  pure  significance,  this  is  always  the  case.  Nevertneless, 
at  tifHt  Hight  there  appear  certain  exceptions  to  the  rule.  For 
(»xanipk\  sonic  syntheses  are  known  in  chemistry,  such  as  that  of 
hydrogen  iodide,  which  are  accompanied  by  an  absorption  of  heat ; 
on  the  other  hand,  there  are  many  decompositions,  especially  of  the 
more  eoniplex  compounds, such  as  nitroglycerine  andotnerexplosives, 
in  which  u  iMiwertiil  evolution  of  energy  takes  place.  These  are 
undeniable  mots,  but,  if  the  details  of  these  processes  be  analysed 
Hoinewhat  fully,  the  apparent  paradox  becomes  at  once  clear  and  in 
reiility  eonfirinn  the  law.  Since  no  free  atoms  are  known,  but  since 
tlu«  similar  atoms  of  every  chemical  element  are  united  always  into 
moleoules.  or  groups  of  atoms,  it  is  evident  that  unless  whole  mole- 
eult^H  outer  into  combination  without  rearrangement  of  their  atoms 
or  aitt  split  off  from  a  combination  as  preformed  groups,  then  a 
deoom(K»sition  of  the  active  molecules  into  their  atoms  must  precede 
t»verv  synt  hesis.  an<l  a  synthesis  of  the  free  atoms  into  new  mole- 
eult^H  must  follow  ever}'  decomi)osition.  Hence,  no  synthesis  occurs 
without  pivviouH  decomposition,  and  no  decomposition  without 
Hul)m«({uent  synthesis.  Accordingly,  it  is  clear  that  under  certain 
ciriMimstanees  heat  can  be  absorbed  in  a  synthesis :  for  example. 
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when,  as  in  the  iodine  molecule,  the  atoms  of  iodine  or,  as  in  the 
hydrogen  molecule,  the  atoms  of  hydrogen  have  a  greater  aflSnity 
for  one  another  than  the  iodine  atoms  have  for  the  hydrogen  atoms. 
In  thesecasesmore  energy  becomesabsorbed,  in  order  to  separate  from 
one  another  the  atoms  of  the  iodine  molecule  and  the  atoms  of  the 
hydrogen  molecule  than  becomes  free  when  the  atoms  of  iodine  and 
hydrogen  unite  into  a  molecule  of  hydrogen  iodide,  and,  since  in 
every  calorimetric  experiment  the  end-result  and  not  the  inter- 
mediate processes  come  under  observation,  it  is  explained  why  at 
the  end  of  the  reaction  there  must  be  an  absorption  of  heat. 
The  reverse  is  the  case  in  the  decomposition-processes  accom- 
panied by  an  evolution  of  heat.  It  is  well  known  that  nitroglycerine 
(glyceryl  tri-nitrate),  upon  being  shaken,  explodes  with  an  enormous 
evolution  of  energy,  being  decomposed  into  water,  carbonic  acid, 
oxygen  and  nitrogen.  These  products  of  decomposition  are  not 
preformed  stereocnemically  in  the  molecule  of  nitroglycerine,  but 
they  arise  from  a  synthetic  rearrangement  of  the  atoms  set  free  by 
the  decomposition.  Since  the  atoms  of  water,  carbonic  acid,  oxygen 
and  nitrogen,  have  greater  aflSnities  for  each  other  in  this  arrange- 
ment than  in  their  position  in  the  nitroglycerine  molecule,  a  small 
quantity  of  energy  suflSces  to  cause  the  decomposition  of  the  latter, 
while  from  the  resulting  syntheses  an  extraordinary  quantity  of 
energy  becomes  free.  Hence  as  the  end-result  there  is  an  evolution 
of  heat.  Therefore,  just  as  in  the  synthesis  of  hydrogen  iodide, 
strictly  speaking,  the  absorption  of  heat  is  not  to  be  credited  to  the 
synthesis,  so  in  the  dynamite  explosion  the  evolution  of  energy  does 
not  come  in  reality  from  the  decomposition  of  the  nitroglycerine 
molecule.  This  fact  should  be  clearly  understood.  But,  since,  when 
a  synthesis  is  spoken  of,  the  preceding  decomposition  is  left  out  of 
account,  and  when  a  decomposition  is  spoken  of,  the  subsequent 
synthesis  is  similarly  treated,  it  is  more  exact  to  express  the  funda- 
mental law  of  the  transformation  of  energy  in  chemical  processes 
in  the  following  form  \  If  in  a  chemical  process  affinities  become 
united  rather  than  separated^  energy  is  liberated  ;  if  affinities  become 
separated  rather  than  unitedt  energy  is  absorbed. 

To  return  from  our  excursus,  it  is  clear  from  the  discussion 
that  chemical  energy  can  be  introduced  into  the  organism 
only  when  the  food-stuffs  contain  aflSnities  for  the  satisfy- 
ing of  which  an  opportunity  is  aflForded  within  the  organism. 
Hence  substances  must  be  introduced  into  the  body,  which  undergo 
among  themselves  chemical  transformations  with  the  evolution  of 
heat.  This  takes  place  in  two  ways,  which  we  have  just 
become  acquainted  with,  viz.,  first,  by  the  introduction  of  simple 
substances  possessing  strong  aflttnities,  and,  second,  by  the  intro- 
duction into  or  synthesis  within  the  body  of  complex  compounds 
which  are  easily  decomposed  and,  like  explosive  bodies,  furnish 
decomposition-products     that    combine    synthetically    into    new 
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substances  with  a  rearrangement  of  their  atoms.  Free  affinities 
come  into  the  body  with  oxygen  especially ;  and  it  is  well  known 
that  in  the  combination  of  oxygen  with  other  substances,  or,  in 
other  words,  in  combustion,  a  great  quantity  of  energy  is  liberated. 
Hence  the  process  of  oxidation  plays  an  extremely  important  rdle 
in  all  life ;  and,  as  has  already  been  seen,  the  comparison  of  life 
with  fire  is  a  very  happy  one.  Complex  compounds  come  into 
the  organism,  especially  in  the  case  of  animals,  with  the  organic 
food ;  there  they  undergo  a  long  series  of  transformations,  which 
thus  far  have  not  been  followed,  in  which  decompositions  and 
syntheses  proceed  together  to  the  construction  oi  the  living 
proteid  molecule.  Living  proteids  may  be  classed  with  explosive 
bodies.  They  tend  toward  decomposition ;  and  out  of  the  com- 
plexes of  atoms  set  free  there  arise  synthetically  by  rearrangement, 
partly  immediately  after  the  decomposition  and  partly  later  in 
combination  with  substances  newly  introduced,  chemical  com- 
pounds the  origin  of  which  under  certain  circumstances  is  again 
associated  with  the  evolution  of  energy. 

In  the  present  condition  of  our  knowledge  it  is  not  possible 
to  follow  in  detail  the  intricate  series  of  chemical  processes, 
the  decompositions  and  syntheses  and  the  transformations  of 
energy  associated  with  them,  from  the  first  cleavage  of  carbonic 
acid  and  the  synthesis  of  the  first  product  of  assimilation  in  the 
plant  to  the  decomposition  of  the  living  proteid  in  the  plant 
and  the  animal.  It  is  known,  however,  that  the  final  products  of 
metabolism,  such  as  carbonic  acid,  water,  urea,  etc.,  are  extremely 
poor  in  chemical  energy.  The  larger  quantity  of  chemical  energy 
introduced  into  the  body  with  the  food  must,  therefore,  have  been 
transformed  into  other  forms  of  energy  upon  its  way  through 
metabolism,  and  thus  results  the  work  of  the  organism. 


2.  The  htlrodiLctioii  of  Light  and  Heat 

It  has  been  said  that  the  main  quantity  of  all  the  energy  that 

is  introduced  comes  into  the  body  as  chemical  energy.     For  the 

animal   organism   this  statement  holds  good  without  limitation; 

for  the  plant,  however,  it  needs  a  correction.     It  is  true  that  in 

the  plant  the  energy  at  the  expense  of  which  its  work  goes  on 

is  likewise  pre-eminently  chemical ;  but  a  part  of  this  potential  is 

not  introduced  into  the  body  as  free,  available  energy,  ^.e.,  in  the 

form  of  free  affinities,  such  as  oxygen  possesses ;   another  form  of 

energy  must  first  be  introduced  in  order  to  create  free  affinities 

he  former.     It  is  well  known  that  carbonic  acid  and  water  are 

88ary  for  the  synthesis  of  the  first  product  of  assimilation.^ 

carbonic  acid  and  water  as  such  are  poor  in  chemical  energy 

1  Cf.  p.  158. 
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bf'Cftuse  their  atoms  ara  coupled  togethe-r  by  verj'  ati-oug  afBnities. 
Hence,  in  order  to  make  them  free  and  sisrviceable  for  new  labours, 
they  must  first  be  split  up,  and  for  this  an  introduction  of  energy 
is  necessary.  The  energy  that  performs  this  cleavage  ia  light  in 
combination  with  the  chemical  energy  of  the  living  plant-sub- 
stance. Without  light  no  plant-life  is  possible,  and  since  without 
plant-life  no  animal-life  can  exist,  it  may  be  said  that  without 
light  no  life  whatever  would  exist.  Hence,  although  light  plays 
an  essential  rtiU  as  a  direct  source  of  energy  only  in  the  plant,  it 
is  as  indispensable  for  the  maintenance  of  lift!  upon  the  earth's 
surface  as  the  chemical  energy  of  food. 

The  places  in  the  plant  where  light  effects  the  cleavage  of 
carbonic  acid  are  the  green  parts  of  the  plant-body,  and  hence 
especially  the  leaves.  This  can  beet  be  demonstrated  by  the 
experiment  on  assimilation  already  described.'  This  experiment 
shows  that  in  the  part  played  by  the  rays  of  light  in  the  cleavage 
of  carbonic  acid  in  the  green  plant-cell,  two  factors  are  present, 
the  intensity  and  the  wave-length  of  the  rays.  The  efficiency  of 
the  light  increases  with  the  intensity,  so  that  in  a  brighter  light, 
more  carbonic  acid  is  split  up  than  in  a  feebler  one.  Moreover, 
with  the  same  intensity  the  rays  of  red  light  (not  those  of  yellow, 
as  botanists  formerly  supposed)  are  the  most  effective.  Engelmann 
('81.  1 ;  '94)  in  a  series  of  researches  placed  this  beyond  all  doubt 
by  a  microscopic  method  that  depends  upon  the  action  on  bacteria 
of  the  oxygen  set  free  in  the  cleavage  of  carbonic  acid.  At  the 
same  time  these  researches  confirmed  the  view  that  the  cleavage 
of  carbonic  acid  in  the  green  plant-cell  takes  place  in  the  chloro- 
phyll-bodies only,  and  established  the  fact  that  the  cleavage 
begins  at  once  upon  the  admission  of  light  and  ceases  immediately 
upon  darkening.  Hence  the  dependence  of  this  property  of  the 
chlorophyll-bodj'  upon  light  is  extremely  close. 

The  heat  that  comes  into  the  living  organism  from  the  outside, 
partly  by  radiation  and  partly  by  conduction,  plays,  like  light,  a 
i-dle  in  the  chemical  transformations  within  living  substance. 
Since  with  increasing  temperature  the  power  of  decomposition 
increases  in  all  chemical  compounds,  the  heat  that  is  introduced 
takes  part  especially  in  the  processes  of  decomposition  in  the 
living  substance.  The  rSle  of  heat  as  a  source  of  energy  may  be 
recognised  especially  clearly  in  the  so-called  cold-blooded  animals. 
These  are  better  termed  animals  possessing  a  changeable  tempera- 
ture (poikilothermal),  since  in  contrast  ti)  the  so-called  warm- 
blooded animab,  or  animals  possessing  a  uniform  temperature 
(homothemial),  the  temperature  of  their  bodies  changes  continually 
with  that  of  their  environment :  with  a  high  external  temperature 
they  may  have  a  body-temperature  equal  to  that  of  the  wann- 
blooded  animab.  When  the  temperature  of  the  medium  in  which 
'  c/  p.  158. 
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1.  The  Frodtcction  of  Mechanical  Energy 

All  living  substance  moves,  i.e.,  the  single  points  of  its  material 
system  change  their  positions  in  space.  There  results,  according 
to  the  special  conditions,  a  shifting  of  the  single  particles,  the  ex- 
ternal form  remaining  the  same,  a  change  in  the  external  form, 
a  change  of  place  of  the  whole  (locomotion),  or  several  of 
these  changes  at  the  same  time.  But  although  motion  in  itself 
is  a  general  phenomenon  of  life,  all  forms  of  living  substance  do 
not  show  the  same  kind  of  motion.  The  variety  of  modes  of  motion 
that  maybe  observed  in  different  organisms  is  very  great.  Never- 
theless, all  may  be  classified  in  accordance  with  the  manner  of 
their  occurrence  into  a  few  large  groups,  of  which  only  certain  ones, 
on  account  of  theii*  wide  distribution,  possess  any  considerable  im- 
portance. Since  the  motion  of  living  substance  is  the  most 
evident  vital  phenomenon,  and  special  interest  is  therefore  lent  to 
it,  we  are  justified  in  considering  it  somewhat  in  detail. 

It  is  useful  first  to  classify  the  various  modes  of  motion  into : 

(a)  Passive  movements. 

(b)  Movements  by  swelling  of  the  cell-walls. 

(c)  Movements  by  change  of  the  cell-turgor. 

(d)  Movements  by  change  of  the  specific  gravity  of  the  cell. 

(e)  Movements  by  secretion  on  the  part  of  the  cell 

(f)  Movements  by  growth  of  the  cell. 

(g)  Movements  by  contraction  and  expansion  of  the  cell- 

body  : 
Amoeboid  movement. 
Muscular  movement. 
Ciliary  movement. 

a.  Passive  3fovements 

In  passive  movements  the  cause  lies  outside  the  part  that  is 
moved.  Passive  movements  in  living  substance  are,  therefore,  not 
a  vital  phenomenon  of  the  elements  that  are  moved,  but  the  ex- 
pression of  vital  phenomena  in  the  environment.  The  movement 
of  the  red  blood-corpuscles,  the  streaming  of  the  blood-plasma  in 
the  blood-vessels  of  the  human  body,  are  passive  movements ;  for 
the  blood-corpuscles  and  the  plasma  possess  no  intrinsic  power  of 
movement;  they  are  only  passively  driven  by  the  activity  of  the  heart, 
which  works  like  a  suction-  and  force-pump  in  the  system  of  branch- 
ing tubes  filled  with  blood.  This  streaming  of  the  blood  in  the 
fine  capillary  vessels  can  be  observed  very  beautifully  under  the 
microscope,  if  a  frog,  paralysed  by  the  South  American  arrow 
poison,  curare,  be  placed  upon  a  cork  plate  and  the  web  between 
the  toes  of  the  hind  leg  be  stretched  out  by  needles  over  an  opening 


in  the  plate.  A  picture  full  of  interest  for  every  observer  will  then 
bt;  presented  (Fig.  86).  The  much-branched  network  of  the  capil- 
lary system  is  seen,  and  in  it  the  blood  flows  with  its  apparently 
yellow  corpuBcles  so  slowly  that  one  can  easily  follow  every  indi- 
vidual corpuscle  as  it  winds  its  way  in  the  clear  plasma  through 
the  fine  canals  and  sinuosities. 

Even  in  the  single  cell  such  passive  movements  are  found. 
The  fine  graniiles  that  lie  embedded  in  the  protoplasm  of  the 
naked  cells  of  rhizopods  show  a  streaming  movement,  especially  in 
the  long,  thread-like  pseudopodia  of  marine  species  ;  this  so-called 
grannlar  streaming  presents  a  spectacle  as  fascinating  as  the 
streaming  of  the  blood  in  the  capillaries,  although  going  on  much 
more  slowly.  Like  pedestrians  m  the  street,  or  like  ants,  the 
granules  take  their  self- 
established  paths,  now  in  a 
centrifugal,  now  in  a  cen- 
tripetal direction,  now 
standing  still,  now  turning 
about,  and  now  again  pro- 
ceeding. This  granular 
streammg  does  not  come 
about  by  the  active  pro- 
gre-ssive  movement  of  the 
granules  themselves ;  but 
by  their  being  passively 
dragged  along  by  the  liquid 
protoplasmic  ground -sub- 
stance in  which  they  lie 
embedded,  and  which  has 
constantly  an  active  flowing 
motion. 

Another  interesting  form 
of  passive  movements  that  occur  in  the  living  cell  is  the  so-called 
Brovntmn  violecuktr  movemeni.  There  lives  in  fresh  water  a  small, 
unicellular,  green  alga,  Closterium,  of  a  delicate  crescent-ahape 
(Fig.  87.  /).  In  its  protoplasm  at  each  end  of  its  body  is  a  vacuole 
of  liquid,  in  which  as  a  rule  lie  fine  granules  which  show  firowuian 
motion  By  strong  magnification  it  may  be  seen  that  the  granules 
are  continually  dancing  about  each  other  with  a  delicate  trembling 
motion,  but  without  moving  to  any  considerable  distances.  The 
dancing  continues  tirelessly  and  unceasingly.  Here  the  object  in 
which  this  peculiar  motion  is  seen  is  living.  More  frequently,  how- 
ever, it  can  be  observed  in  dead  cells,  and  it  has  long  been  known 
in  the  so-called  salivary  corpuscles  in  the  saliva,  which  are  dead 
leucocytes  (white  blood-corpuscles).  These  leucocytes  are  swollen 
into  a  spherical  form  by  the  absorption  of  water,  and  ]Kissess  a 
nucleus     surrounded     by     granular    protoplasiu    (Fig.    87,    //). 
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_^  ^wn  strong  magnification  the  granules  of  this  swollen  proto- 
plasm show  clearly  molecular  motion.  That  the  strange  Brownian 
molecular  movement  does  not  occur  in  living  organisms  exclusively, 
followa  from  the  fact  that  all  light,  microscopic  granules  of  what- 
ever kind,  when  suspended  in  water  or  any  other  easily  moving 
liquid,  show  it.  Among  the  most  beautiful  lifeless  objects  adapted 
for  this  putpose  and  occurring  in  the  organism  are  the  fine  crystals 
(Fig.  87,  ///)  in  the  calcareous  sacs  that  lie  in  the  body-cavity 
of  the  frog  on  each  side  of  the  spinal  column  between  the 
transverse  processes  of  adjacent  vertebrse.  If  some  of  the  white 
substance  be  placed  in  a  drop  of  water  and  examined  under  a 
cover-glaas  with  a  high  power  of  the  microscope,  the  wonderfii! 
picture  of  this  restless,  trembling  dance  of  lifeless  crystals  is  pre- 
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sented  in  its  mast  graceful  form,  especially  in  the  smaller  crystals.' 
When  the  English  botanist  Brown  in  the  year  1827  discovered 
such  peculiar  motions  in  plant-cells,  it  was  believed  that  the 
motion  of  the  fine  granules  was  an  active  one,  resulting  from 
the  vibrations  of  their  molecules,  and  it  was  accordingly  terme*.! 
'■  molecular  motion."  In  accordance  with  more  modem  ideas  this 
view  became  untenable,  and  for  a  long  time  the  significance  of  the 
puzzling  phenomenon  was  not  understood.  But  in  the  year  1863 
Wiener,  and  soon  afterwards  E-fuer,  studied  very  carefully  the 
physical  conditions  of  the  motion,  and  found  an  explanation  that 
is  in  entire  accord  with  our  present  ideas  of  the  molecular  con- 
dition of  liquids.  In  fact,  the  behaviour  of  the  molecules  of  a 
liquid  even  requires  such  phenomena  of  motion  of  small  light  par- 
'  C/  p.  4 
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tides  suspended  in  it.  As  is  well  known,  the  molecules  in  a  liquid 
are  conceived  to  be  in  constant  motion,  crowding  together,  bound- 
ing against  one  another,  pushing  away,  moving  oflf  and  again  col- 
liding. This  motion  of  the  molecules  cannot  be  seen  even  with 
the  strongest  magnifying  powers,  for  liquids  appear  homogeneous 
because  their  molecules  are  too  small  to  be  perceived  even  micro- 
scopically. But  the  result  of  the  motion  can  be  observed  in  small,  light 
granules  suspended  in  the  liquid ;  if  the  molecules  possess  the 
given  kind  of  motion,  they  must  strike  the  particles  continually, 
so  that  with  their  delicate  mobility  the  latter  are  put  into  a 
trembling,  dancing  motion.  Hence,  the  so-called  Brownian 
molecular  movement  of  small  granules  is  a  purely  passive  move- 
ment caused  by  the  constant  slight  impulses  given  to  the  granules 
by  the  dancing  molecules  of  the  liquid.  An  excellent  proof  of  the 
correctness  of  this  view  is  afforded  by  the  fact  that  the  Brownian 
movement  gains  in  intensity  with  increasing  temperature  of  the 
liquid.  This  might  have  been  predicted  from  the  fact  that  the 
motion  of  the  molecules  of  the  liquid  is  greater  the  higher  the 
temperature;  it  finally  becomes  so  great  that  the  individual 
molecules  are  driven  violently  apart,  that  is,  the  liquid  evaporates. 

6.  Movements  hy  Swelling  of  the  Cell-ivalls 

Movements  that  are  caused  by  swelling  of  the  cell-walls 
constitute  a  variety  intermediate  between  passive  movements  and 
all  those  mentioned  below,  which  latter  depend  upon  the  activity 
of  living  substance.  The  phenomenon  of  swelling,  as  is  well 
known,  is  due  to  the  fact  that  between  the  molecules  of  a  dry, 
expansible  body,  brought  into  a  moist  environment,  molecules  of 
water  become  stored,  being  attracted  so  strongly  by  the  molecules 
of  the  body  that  they  force  the  latter  powerfully  apart ;  during 
the  process  the  volume  of  the  body  becomes  markedly  increased. 
If  the  swollen  body  comes  again  into  an  environment  free  from 
water,  e.^.,  dry  warm  air,  it  gradually  gives  off  its  water,  diminishes 
its  volume  proportionately  and  shrinks;  upon  being  again  moistened, 
it  swells  again.  The  organic  products  of  the  metabolism  of  plants, 
especially  the  cellulose  walls  of  plant-cells,  are  peculiarly  prone  to 
swell.  This  is  not  associated  in  any  way  with  the  life  of  the 
plant-cell,  but  goes  on  for  an  indefinite  time  in  the  cellulose  of 
dead  cells,  in  the  same  manner  as  in  that  of  living  cells.  In 
order  that  a  movement  in  one  direction  may  be  brought  about  by 
the  increase  in  volume  caused  by  the  swelling  or  by  the  decrease 
^u  volume  caused  by  the  drying  of  an  expansible  object,  such  as 
e  stem  of  a  leaf  or  a  membrane,  the  different  sides  of  the  object 
!ist  be  capable  of  swelling  differently,  one  side  strongly,  the 
iier  feebly  or  not  at  all.  Were  all  parts  equally  capable,  there 
mid  result  a  uniform  enlargement  toward  all  sides.     If,  however, 
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one  side  of  an  elongated  structure  swells  more  than  the  opposite, 
the  former  becomes  lengthened  more  than  the  latter,  and  the 
result  is  a  bending  of  the  whole  structure,  which  takes  place 
suddenly  or  gradually  as  the  swelling  is  rapid  or  slow. 

The  well-Known  resurrection-plants  (Sclaginella  lepidophylla), 
which  of  late  have  frequently  come  to  Europe  from  the  American 
deserts,  are  characteristic  objects  for  the  observation  of  swelling- 
movements.  During  a  drought  their  leaf-stalks  are  brought 
together  like  the  fingers  in  a  closed  fist,  but  when  moistened  they 
bend  out  as  in  the  open  hand,  the  leaf-stalks  strongly  swelling 


Fig.  88. — Seed  of  the  crane's  bill  (Erodiwn  cicutarium),  a,  iu  the  dry,  b,  in  the  swollen  state. 

upon  their  inner  side.  The  well-known  rose  of  Jericho,  which 
is  simply  the  dry,  dead  branch  of  a  crucifer  (Anastatica) 
growing  in  the  Arabian  deserts,  behaves  similarly.  Its  spreading 
when  placed  in  water  has  led  to  the  common  belief  that 
the  rose  of  Jericho  is  resurrected  to  a  new  life,  while  in  reality 
the  phenomenon  depends  merely  upon  the  swelling-movements  of 
the  dead  branch.  Selaginella,  however,  is  a  real  resurrection-plant 
in  so  far  as  it  can  remain  for  years  completely  dry  without  losing 
its  capacity  of  life.  The  seeds  of  many  species  of  crane's  bill 
likewise  show  very  clearly  the  phenomena  of  swelling-movements. 
3rodium  cicutarium  has  seeds  that  are  provided  with  a  long  stalk 
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beset  with  hairs ;  in  a  drought  this  stalk  is  rolled  up  like  a  cork- 
screw into  a  beautiful  spiral  (Fig.  88,  a),  but  when  moistened  it 
becomes  straightened,  one  turn  after  another  unrolling  itself  by 
swelling  and  extension  of  the  inner  side  (Fig.  88,  b). 

The  movements  of  the  so-called  elaters  on  the  spores  of  the 
horse-tail  are  very  interesting  and  striking  because  of  their 
rapidity.  The  ripe  spores  of  the  horse-tail  are  spherical  cells 
surrounded  by  a  cellulose-wall.  This  wall  is  split  into  two  bands 
the  elaters  (Fig.  89),  which  run  in  a  spiral  from  above  downward 
around  the  whole  ball,  being  fastened  to  each  other  and  to  the 
spore  itself  at  a  certain  spot  in  the  equator.  If  the  spores, 
slightly  moistened,  be  brought  under  the  microscope,  the  two 
bands  are  seen  to  lie  in  two  parallel  spirals  and  form  a  closed 
capsule  about  the  spore  (Fig.  89,  a).  If  they  be  allowed  to  dry, 
the  two  spirals  become  extended  into  straight  bands  (Fig.  89,  b} 


Pio.  80.— Sporo  of  a  horae-taiL    a.  The  elaters  in  the  moiat  state  are  curled  around  the  cell 

6.  The  elaters  in  the  dry  state  are  rapidly  spread  apart. 

through  the  drjdng  and  shortening  of  their  outer  sides.  If,  while 
observing  with  the  microscope,  one  breathes  upon  them  in  this 
extended  state,  they  are  seen  to  coil  themselves  in  spirals  about 
the  spore  with  excessive  rapidity,  their  outer  surfaces  extending- 
by  swelling.  At  the  moment  when  the  moisture  of  the  breath 
disappears,  the  bands  extend  again  with  equal  rapidity ;  and  the 
experiment  can  be  repeated,  like  all  experiments  on  swelling,  as 
often  as  one  wishes. 

Swelling-movements  are  very  common  among  plants,  and  some 
of  them  play  an  important  rdle  in  plant  life.  The  great  power 
that  can  be  developed  by  swelling  can  be  realised  from  the  fact  that 
huge  rocks  can  be  split  with  wedges  of  swelling  wood. 
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c.  Movements  hy  CJutnye  of  tJie  Cell-turgor 

With  movements  caused  by  a  change  of  the  cell-turgor,  we 
begin  the  consideration  of  those  phenomena  of  motion  that  pre- 
suppose normal  life  in  the  object  in  which  they  appear. 
With  the  death  of  their  substratum  they  are  extinguished. 
Turgescence-movements  are  chiefly  found  among  plants ;  and  it  is 
necessary,  therefore,  that  certain  peculiarities  of  the  plant-cell  be 
recalled. 

The  plant-cell,  as  is  well  known,  is  a  cylindrical  capsule,  the 
alls  of  which  are  formed  by  an  elastic  membrane  of  cellulose. 


B 


D 


Fig.  90. — Scheme  of  cell-turgor  of  a  plant-cell ;  h,  cell-membrane  ;  p,  primordial  utricle  ;  Jtr,  nucleus ; 
c,  chlorophvU-bodies ;  «,  cell-sap  ;  e,  infiltrating  salt  solution.  In  Ay  the  cell  is  in  complete  tur- 
gescence,  the  primordiaJ  utricle  lies  close  to  the  cell-membrane.  In  B  the  turgor  has  decreased 
as  a  r^ult  of  tne  action  of  a  salt  solution,  the  cell  has  become  smaller,  but  the  primordial  utricle 
still  lies  in  contact  with  the  cell-membrnne.  In  C  the  turgor  has  become  still  less,  the  pri- 
mordial utricle  is  beginning  to  be  pulled  away  from  the  cell-membrane,  which  latter  naa 
reached  its  minimum.  In  D  the  primordial  utricle  has  contracted  completely,  because  the 
osmotic  effect  of  the  salt  solution  acting  from  the  outside  has  reached  a  very  high  degree. 
(After  de  Vries.) 

The  inner  surface  of  the  capsule  is  covered  by  a  thin  but  con- 
tinuous protoplasmic  layer,  the  so-called  primordial  utricle, 
which  encloses  like  a  sac  or  bladder  a  liquid,  the  cell-sap,  and  as 
a  rule  sends  through  the  large  vacuole  strands  of  protoplasm 
which  branch  lengthwise  and  crosswise  (Fig.  90;  in  this  figure 
the  strands  are  wanting).  Various  chemical  substances,  which 
have  been  produced  by  the  vital  activity  of  the  cell,  are  dissolved 
in  the  sap.  In  its  usual  uninjured  condition  the  protoplasm  is 
impermeable  to  these  substances,  hence  they  cannot  diffuse  from 
the  interior  to  the  outside  through  the  primordial  utricle.  But 
the  protoplasm  is  likewise  impermeable  to  many  substances  that 
are  dissolved  in  the  water  outside  the  cell,  and  which,  therefore, 


cannot  diffuse  into  the  coll.  Now  it  is  liiiown  that  the  molecules 
of  such  soluble  substances  as  salts,  sugar,  etc.,-  attract  water, 
every  molecule  taking  to  itself  a  number  of  molecules  of 
water.  The  molecules  of  the  former  are  aaid  to  act  "  osmotically." 
As  Van  t'Hoff  has  recently  shown  by  his  important  researches, 
the  osmotic  pressure  is  proportional  to  the  number  of  molecules 
dissolved  in  the  unit  of  volume.  If,  therefore,  there  are  stored 
within  the  cell-sap  strongly  osmotic  substances,  and  outside  the 
ceil  in  the  water  substances  that  are  less  osmotic,  and  if  the  wall  of 
the  primordial  utricle  is  impermeable  to  these  dissolved  substances, 
an  equalisation  by  diffusion  cannot  take  place ;  but,  since  the 
primordial  utricle  allows  pure  water  to  pass  through  it  unhindered, 
water  must  be  drawn  by  the  osmotic  substances  of  the  sap  into 
the  interior  and  held  there  permanently.  The  result  of  this 
process  is  that  the  pressure  in  the  primordial  utricle  becomes 
constantly  greater  the  more  osmotic  substances  are  dissolved  in 
the  sap,  i.e..  the  more  the  concentration  of  the  sap  increases.  The 
primordial  utricle  of  the  cell,  therefore,  must  be  extended  from 
within  outward ;  and  this  tension,  stretching  the  elastic  celluli^e 
wall,  is  the  turgor  of  the  cell.  It  is  evident  that  the  turgor 
will  become  greater,  that  the  cell  must  be  put  more  upon  the 
stretch,  the  more  osmotic  substances  accumulate  in  the  sap  and  the 
less  in  the  surrounding  medium. 

From  this  brief  consideration  it  is  clear  that  the  turgor  of  the 
cell  can  be  changed  in  different  ways.  First,  the  quantitative 
relations  of  the  osmotic  substances  within  and  without  the  cell  can 
change,  by  the  concentration  outside  or  inside  becoming  increased 
or  decreased.  If,  e.g.,  substances  in  solution  be  added  gradually  to 
the  surrounding  medium,  water  will  be  drawn  out  constantly  from 
the  interior,  and  the  turgor  will  decrease.  This  phenomenon  has  been 
termed,  with  little  appropriateness,  plasmolysis.  Further,  the 
turgor  can  likewise  be  changed  by  the  wall  of  the  primordial  utricle 
from  some  cause  becoming  permeable  to  the  substances  in  solution 
in  the  cell-sap.  Then  an  equalisation  by  diffusion  must  take  place, 
and  the  tension  of  the  cell-wall  must  disappear.  Finally,  a  change  in 
turgor  will  take  place  when  the  tension  of  the  primordial  utricle  in- 
creases or  decreases  because  of  active  changes  in  its  protoplasm.  If, 
e.rj.,  the  protoplasm  contracts, the  contraction  will  partially  or  wholly 
overcome  the  osmotic  pressure  opposing  it.  and  tne  result  will  be 
that  a  corresponding  quantity  of  water  minus  the  osmotic  sub- 
stances will  be  pressed  out  from  the  sap  through  the  primordial 
utricle.  When  the  contraction  of  the  primordial  utricle  cesaea, 
the  osmotic  substances  of  the  sap  will  attract  more  molecules  of 
water,  and  the  turgor  will  again  increase. 

The  result  of  diminishing  the  turgor  must  in  all  cases  be  the 
same.  The  primordial  utricle,  which  previously  was  stretched 
from  within  outwaixl  by  the  tension,  will  shrink  together,  and  its 
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circumference  will  become  smaller  (Fig.  90).  But  what  is  more 
important  for  the  present  purpose  is  the  diminution  in  size  of  the 
whole  cell  with  decrease  of  the  turgor,  for  the  tension  of  the  elastic 
cellulose  coat  will  be  decreased  to  the  same  extent  as  that  of  the 
primordial  utricle,  and,  as  a  result  of  its  elasticity,  the  wall  will 
assume  finally  a  circumference  corresponding  to  its  decreased 
tension  (Fig.  90,  B,  C,  D). 

In  the  movements  of  plants  now  under  consideration  a  change 
of  turgor  takes  place  solely  by  the  contraction  of  the  primordial 
utricle  of  certain  cells  for  some  cause,  either  spontaneously  or  as 
the  result  of  stimulation,  in  such  a  manner  that  water  is  squeezed 
out  of  the  cells ;  the  phenomenon  passes  away  after  some  time, 
and  the  turgor  again  appears  pari  passu  with  the  disappearance  of 
the  contraction.  There  thus  appears  under  certain  circumstances 
a  sudden  diminution  of  the  turgor  and  with  it  a  diminution  in 
the  size  of  the  cell,  and  only  gradually  does  the  previous  condition 
return. 

In  order  that  upon  this  principle  a  microscopic  movement  may 
take  place  in  a  plant,  the  cells  that  undergo  the  change  of 
turgescence  must  have  a  definite  arrangement.  If  in  one  of  two 
parallel  rows  of  cells  the  turgor  is  suddenly  diminished,  so  that  the 
cells  become  smaller,  while  in  the  other  it  remains  unchanged,  the 
first  row  must  shorten.  Hence,  according  to  simple  mechanical 
principles,  a  bending  will  occur  with  the  concavity  upon  the 
shortened  side.  At  the  same  time  the  other  side  will  be 
extended  passively.  If,  later,  a  gradual  increase  of  turgor  and  a 
lengthening  of  the  cells  upon  the  shortened  side  takes  place,  the 
elasticity  of  the  other  side  will  assist  the  extension. 

Such  a  diminution  of  turgescence  appears  in  many  plants, 
often  very  suddenly,  both  spontaneously  and  after  mechanical 
stimulation,  and  the  result  is  a  sudden  movement  of  certain 
parts.  In  most  cases  both  the  arrangement  and  the  shape  of  the 
cells  that  cause  the  movement  are  very  complicated.  As  a 
rule,  at  the  base  of  the  motile  leaves,  or  petioles,  small  enlarge- 
ments, called  pulvini,  are  developed,  the  cells  of  which  can 
diminish  their  turgor  very  rapidly.  One  of  the  best-known 
examples  of  this  kind  is  the  movement  of  the  petioles  in  the  sensi- 
tive Mimosa  pvdica,  which  in  the  "waking"  state,  t.e.,  during  the 
day,  are  upright  with  the  leaflets  extended  (Fig.  91,  /,  -4,  and 
//,  A),  while  in  the  "sleeping"  state,  ie.,  at  night,  they  are 
depressed  and  the  leaflets  are  folded  upward  together  (Fig.  91,/,jB, 
and  //,  E),  If  a  Mimosa  in  the  waking  state  be  vigorously 
shaken,  the  night  position  is  suddenly  assumed  in  the  daytime. 

Upon  the  same  principle  depend  numerous  other  movements  of 
the  sensitive  plants,  such  as  those  of  the  leaves  of  clover,  the 
stamens  of  barberry,  the  insect-catching  organs  of  carnivorous 
plants,  and  many  others. 

Q  2 
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d.  Mwemetiti  by  Change  of  the-  Sptdfic  Gravity  of  the  Cell 

Among  the  wonderful  forms  of  animals,  mostly  of  glassy  trans- 
parency, that  lead  a  pelagic  life  in  the  upper  strata  of  the  sea  and 
lately  as  plankton  have  become  the  object  of  detailed  investi- 
gation, there  are  many  that  are  endowed  with  the  remarkable 
capacity  of  slowly  rising  or  sinking  in  the  water  without  the  use 
of  any  locomotor  organs.  These  are  especially  the  Sadiolarvt, 
Ctenojikora,  and  SiphoTwphara.  Some  unicellular,  fresh- water 
organisms,  such  as  Actinospk4zrmm,,  also  possess  this  power.  Since 
allextemal  causes  for  thLs  mysterious  suspension,  such  as  currents 
of  water,  may  be  excluded,  and  since  the  movement  of  special 
organs  of  the  body  does  not  share  in  it,  it  can  depend  only  upon 
changes  in  specific  gravity,  and  this  has  been  demonstrated.  As 
has  already  been  seen,'  protoplasm  is  heavier  than  water.  Hence 
a  cell  that  lies  upon  the  bottom  can  raise  itself  only  when 
substances  that  are  lighter  than  water  appear  and  accumulate 
in  the  protoplasm. 

It  is  well  known  that  certain  fresh-water  lihizopoda,  especially 
Arcella  and  Difflugia,  which  are  provided  with  delicate  capsules, 
are  heavier  than  water,  and  usually  creep  about  upon  the  bottoms 
of  ponds  and  puddles  between  particles  of  mud  aud  decaying 
leaves,  can  actively  raise  themselves  by  developing  a  bubble  of 
carbonic  acid  in  their  protoplasmic  bodies ;  when  it  has  become 
sufficiently  large,  they  rise  to  the  surface  like  a  small  balloon. 
Engelmann  ('69)  first  carefully  investigated  this  fact.  At 
times  iu  a  culture -vessel  containing  Diffiugia,  when  conditions 
iavour  the  development  of  carbonic  acid  in  the  protoplasm, 
the  movement  of  individuals  from  the  bottom  to  the  suriace 
becomes  epidemic.  If  the  carbonic  acid  is  then  given  off, 
the  individuals  sink  again  to  the  bottom.  In  this  manner 
there  may  arise  in  nature  a  very  considerable  change  of  habita- 
tion, which  under  certain  circumstances,  as  when  the  Protista 
have  come  under  unfavourable  conditions,  can  be  of  great  usefui- 
neas  to  the  species. 

In  an  analogous  manner  take  place  the  rising  and  sinking  of  the 
■'S'ldiolaria  and,  in  all  probability,  those  of  the  Cleiuipkora  and 
many  other  pelagic  animals.  Tlutlaaskdla  nucUata,  e.g.,  is  a  large 
globular  radioJarian  of  3-4  mm.  in  size,  which  represents  a  single 
cell,  the  nucleus  of  which,  surrounded  by  protoplasm,  lies  in  a 
spherical    central    capsule   (Fig.  92).     The    whole    extracapsular 

firotoplasm  is  filled  with  innumerable  vacuoles,  so  that  it  appears 
ike  a  mass  of  foam,  and  it  is  bordered  externally  on  the  side  of 
the  sea-water  by  a  solid  layer  of  jelly.  This  voouole-Iayer  is  the 
portion  of  the  cell  that  is  lighter  than  the  sea-water,  and 
'  C/.  p  97. 
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raainliiius  the  undisturbed  T/ialiissicollu  Buspencled  at  the  surface 
of  the  sea.^  This  can  be  made  out  readily  by  removing  from  the 
living  aDimal  single  constituents  of  the  cell,  by  cutting  off  the 
layer  of  jelly,  isolating  the  vactiole-layer  and  extirpating  the  cen- 
tral capsule  with  its  contents.  All  constituents,  when  isolated, 
sink  to  the  bottom  of  the  water,  except  the  vacuole-mass ;  this 
remains  at  the  surface,  and,  it'  submerged,  continually  returns  to 
it.*  Correspondingly,  the  whole  Thalassicolla  begins  to  sink  as 
soon  as  the  vacuole-layer  collapses  by  the  bursting  of  the  vacuoles, 
which  takes  place  as  a  result  of  stimulation,  in  nature  especially 
from  the  impact  of  violent  waves.  Then  the  cell  falls  into  more 
quiet  depths,  and  thus  is  protected  from  entire  destruction;  the 
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vacuole-layer  can  regenerate  itself,  and  the  rAa/fisstco/Za, increasing 
in  volume,  in  quiet  weather  rises  again  irom  the  depths  to  the 
sunny  surface,  The  great  importance  of  this  manner  of  move- 
ment for  the  life  of  pelagic  organisms  is  evident. 

It  is  a  question  how  the  contents  of  the  vacuoles  can  become 
lighter  than  the  surrounding  sea-water.  The  cause  of  the  appear- 
ance of  vacuoles,  the  formation  of  which  can  easily  be  observed  in 
any  isolated  central  capsule,  consists  in  the  accumulation  through- 
out the  protoplasm  of  osmotic  substances,  which  cause  the  wat«r 
to  come  in  from  the  outside  to  them  through  the  protoplasm.  The 
size  of  the  vacuole  increases  in  proportion  as  the  formation  and 
concentration  of  osmotic  substances  in  the  protoplasm  increase,  for 
an  equalisation  of  the  osmotic  pressure  in  the  liquid  of  the  vacuole 
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and  in  the  surrounding  water  must  always  take  place,  i.c.,  the 
liquid  of  the  vacuole  must  always  contain  in  solution  the  same 
number  of  molecules  as  the  water.  But  it  must  be  assumed  that 
these  are  molecules  of  substances  diflferent  from  those  in  the  water. 
If,  therefore,  we  imagine  some  of  the  substances  dissolved  in  the 
liquid  of  the  vacuole  to  possess  low  specific  gravity,  we  can  under- 
stand how,  upon  the  whole,  the  contents  of  the  vacuole  can  be 
lighter  than  the  water.  K.  Brandt  (*95)  has  recently  made  it 
very  probable  that  it  is  the  carbonic  acid  produced  by  the 
protoplasm  that,  dissolved  in  the  liquid  of  the  vacuole,  lowers  the 
specific  gravity  of  the  protoplasm  below  that  of  the  sea-water.  If 
the  vacuole-layer  is  developed -to  a  sufficient  extent,  the  specific 
gravity  of  the  whole  cell  will  be  less  than  that  of  the  sea-water, 
i.e.,  the  cell  will  float  at  the  surface.  If  bv  the  burstmg  of 
the  vacuoles  the  volume  of  the  layer  becomes  diminished,  or  if  in 
the  cold,  when  the  metabolism  sinks  to  a  minimum,  the  production 
of  carbonic  acid  becomes  greatly  decreased,  the  radiolarians  will 
sink  again. 

e.  Movements  by  Secretion 

Movements  that  come  about  through  secretion  by  the  cell 
are  limited  to  a  few  groups  of  organisms,  particularly  the  Algce, 
De&mididcece,  and  Osdllaricc.  The  principle  of  this  mode  of  motion 
is  extremely  simple.  It  consists  simply  m  the  cell  lying  upon  the 
bottom  and  pressing  out  at  a  definite  place  upon  its  surface  and 
in  a  definite  airection  a  mass  of  secretion,  usually  of  a  slimy  nature ; 
this  sticks  to  the  bottom,  and  the  motile  cell-body  thereby  thrusts 


Fio.  98.— Cf Mt«r<ui»,  a  desmid,  shoving  itself  along  the  bottom  by  a  secretion  of  slime.    The  non- 
secreting  end  swings  freely  in  the  water. 

itself  forward  in  a  definite  direction,  just  as  a  fisherman  pushes 
his  boat  oflf  the  shore  with  a  pole.  If  the  secretion  continues,  the 
cell  glides  slowly  along. 

In  this  manner  the  Desmidiacecc  move  themselves.  The  crescent- 
shaped  Clostermm  (Fig.  93),  which  we  have  already  become 
acquainted  with  in  considering  the  Brownian  molecular  movement, 
secretes  a  slimy  substance  at  each  end  of  its  unicellular  body. 
While  it  thus  clings  to  the  bottom  with  one  end,  the  other  end 
floats  freely  in  the  water,  so  that  the  whole   body  is  directed 
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upward  obliquely  at  a.  certain  angle.  The  Clostrrinm  shoves  itsflf 
slowly  forward,  as  Klebs  ('85)  and  Aderhold  ('88)  have  shown, 
by  the  attached  end  expelling  a  mass  of  slimy  secretion  (Fig.  93), 
the  cell  maintaining  approximately  its  angle  of  inclination  to  the 
bottom.  But  in  glidmg  forward  it  alternates  its  two  poles,  the 
swinging  pole  sinking,  adhering  and  secreting,  while  the  previously 
attached  pole  rises  and  swings  freely.  Thiis  the  alga  gradually 
moves  forward  upon  its  support. 

As  regards  the  movement  of  the  Diatome/n,  the  small,  brown, 
boa  -shaped  or  rod-shaped  AU/w,  provided  with  an  estremely 
delicate  silicious  shell,  which  are  found 
in  enormous  variety  in  both  fresh  and 
salt  water,  a  literature  almost  too 
vast  for  review  has  appeared.  When 
these  unicellulai'  forms  are  observed 
in  a  drop  of  water  upon  a  slide,  they 
are  seen  gliding  forward  upon  the 
bottom  in  the  direction  of  their  long 
asis  in  a  peculiar  hesitating  manner, 
sometimes  slowly,  sometimes  rapidly, 
and  often  going  backward  with  the 
poles  reversed  in  direction.  It  seems 
mipossible  to  discover  any  sort  of 
locomotor  organs  in  the  body.  The 
numerous  investigators  who,  bke  Max 
Schultze,  Engelmann,  and  others, 
earlier  studied  this  graceful  form  of 
motion,  adopted  widely  different  views 
as  to  its  ongin.     Afterward,  from  thu 

/-  V  .._",     researches   of  Butschli   ('92,  2)  and 

ift^  ^"        Lauterborn  ('94),  it  appeared  as  if  it 

depended  upon  the  above  principle  of 
the   extrusion  of  a  slimy   secretion. 
.xtn,dod.  (4K8rB«t«hu.)  Biltschli   and   Lauterborn   succeeded 

in  showing  that  certain  forms  of 
liiatomax  are  enveloped  in  a  covering  of  jelly  and  extrude 
peculiar  threads  of  secretion,  which  can  be  made  visible  by 
adherent  granules  of  india  ink  (Fig.  94).  But  recently  the  very 
detailed  investigations  of  O.  Muller  ('!)3,  '94,  '96,  '97)  have 
shown  that  these  threads  have  a  suboixiinate  significance  in  the 
progression  of  the  DuUomecc,  and  that  the  mode  of  motion  of  these 
small  cells  is  much  more  complicated,  and  perhaps  more  allied  to 
movement  by  ])rotoplasmic  streaming. 

As  to  the  long,  hlue-green,  thread-like  Oscillaria,  which  consist 
of  many  cells  arranged  one  after  another  in  a  row  and  creep  slowly 
through  the  water  Tike  the  Diatoniea:,  it  is  highly  probable  that 
they  really  shove  themselves  along  the  bottom  by  the  expulsion  of 
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a  secretion.  Recently,  Schewiakoff  has  shown  the  same  also  for 
the  Gregarince  (Fig.  22,  6,  p.  80),  which  are  parasitic  unicellular 
organisms  that  likewise  perform  very  slow,  gliding  movements 
without  special  locomotor  organs. 

/.  Movements  hy  Growth 

Movements  that  are  associated  with  the  growth  of  cells  need 
only  be  mentioned  briefly;  their  principle  needs  no  elucidation. 
All  growth  is  accompanied  by  movement,  for,  as  a  cell  increases  in 
volume,  it  becomes  expanded.  Hence  growth-movements  are 
common  to  all  living  substance,  but  they  take  place  so  slowly  that 
they  can  scarcely  be  followed  with  the  eye.  If,  however,  Rowing 
objects  be  compared  with  their  earlier  stages  after  considerable 
spaces  of  time,  if  the  sprouting  seed  be  first  considered  and  then  the 
plant  that  has  developed  from  it  with  all  its  branches,  leaves  and 
flowers,  it  is  evident  that  extensive  movements  have  taken  place, 
by  which  the  building  material  has  been  transported  to  the  places 
where  it  is  laid  down.  Growth-movements  are  recognised  also 
especially  clearly  in  long  plant-stalks  or  tendrils,  when  the  cells 
grow  or  multiply  more  rapidly  upon  one  side  than  upon  the  other, 
so  that  the  part  becomes  curved.  But  the  most  apparent  move- 
ments caused  by  growth  are  in  those  cases  in  which  the  mechanical 
energy  developed  by  growth  is  not  continually  set  free,  but  is 
accumulated  in  the  form  of  tension,  and  finally  by  some  stimulus 
is  suddenly  transformed  into  kinetic  energy;  this  appears  most 
beautifully  in  the  seeds  and  fruits  of  certain  plants,  e.g.,  Imjpaiiens, 
which,  upon  being  touched,  suddenly  burst  with  a  jerking  motion 
and  throw  out  their  contents.  It  is  not  necessary  to  go  further 
into  the  mode  of  growth-movements,  since  their  principle  is  plain 
and  they  are  met  with  at  every  step  in  living  nature.  That  the 
phenomena  of  growth  are  powerful  sources  of  energy  is  clear  when 
it  is  recalled  that  trees  growing  between  rocks  are  able  to  force 
apart  huge  masses  of  stone  by  their  roots. 

g.  Movements  by  Contraction  and  Expansion 

Finally,  movements  that  are  produced  by  the  contraction  and 
expansion  of  the  cell-body,  and  which  are  usually  termed,  in  brief, 
contraction-phenomena,  are  distinguished  from  all  other  organic 
modes  of  motion  by  the  fact  that  they  consist  of  changes  in  the 
form  of  the  surface  of  the  living  substance  itself,  which  changes 
are  associated  with  an  alternate  shifting  of  position  of  its  particles. 
All  contraction-phenomena  comprise  two  phases  of  move- 
ment, that  of  contraction  and  that  of  expuTision,  The  particles 
of  living  substance  arrange  themselves  with  reference  to  one 
another  in  contraction,  so  that  the  mass  presents  a  smaller  surface, 
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in  expansion,  so  that  the  same  mass  presents  a  larger  surface. 
Transition  from  one  phase  to  the  other  alone  renders  possible 
phenomena  of  motion. 

It  is  evident  that  only  bodies  of  more  or  less  liquid  consistency 
can  show  such  movement ;  only  a  liquid  can  diminish  or  increase 
its  surface  by  rearrangement  of  its  particles,  becoming  spherical 
or  spread  out,  according  as  its  surface-tension  is  equal  in  all 
directions,  or  becomes  greater  in  some  places  and  less  in  others. 
A  solid,  stiflF  body,  even  if  it  is  elastic,  cannot  manifest  con- 
traction-phenomena of  this  kind,  because  its  particles  cannot 
change  their  mutual  positions.  Hence,  it  is  of  fundamental  im- 
portance for  the  occurrence  of  contraction-phenomena  that  living 
substance  possess  a  liquid  consistency.  As  a  matter  of  fact,  all 
living  substance,  as  has  already  been  found,  is  more  or  less  liquid, 
a  condition  that  is  imposed  upon  it  by  the  high  percentage  of 
water  in  its  contents,  and,  therefore,  the  common  view  is  well 
founded  that  all  living  substance  possesses  contractility,  although 
many  cells  are  known,  such  as  certain  Algcc  and  Bacteria,  which 
in  spite  of  their  leading  an  active  life  can  perform  no  contraction- 
phenomena,  because  they  are  surrounded  by  a  stiflf  membrane. 
Contractility,  i.e,,  the  property  of  executing  contraction-move- 
ments, is,  however,  a  general  property  of  living  substance,  and 
hence  demands  detailed  consideration. 

Among  the  phenomena  of  movement  brought  about  by 
contraction  and  expansion  in  accordance  with  the  above  principle 
there  can  be  distinguished,  according  to  the  peculiar  differentiation 
of  the  substratum  in  which  they  are  observed,  three  groups,  which 
are  termed : 

Amoeboid  movement  (protoplasmic  streaming)  ; 

Muscular  movement   (movement   of  smooth   and   cross-striated 

muscle-fibres) ; 
Ciliary  movement  (movement  of  flagella  and  cilia). 

Amoeboid  movement,  the  original  form  of  contraction-phen- 
omena, is  found  wherever  there  exist  naked  protoplasmic 
masses,  that  is,  cells  the  protoplasmic  bodies  of  which  are  not  sur- 
rounded by  a  cell-membrane,  or  wherever,  as  in  plant-cells,  there 
is  within  the  membrane  a  free  space  for  movement.  As 
examples  there  may  be  mentioned  especially  the  manifold 
representatives  of  the  great  protistan  group  Bhizopoda  (Figs. 
95  and  98);  further,  in  the  animal  cell-community,  leuco- 
cytes and  amoeboid  wandering-cells  of  various  kinds  (Fig.  96), 
amceboid  egg-cells  of  certain  animals,  such  as  sponges  (Fig. 
17,  a),  pigment-cells    of    widely    different    organs^    (Fig.    97), 

^  The  view  often  expressed  in  recent  times,  that  in  the  movements  of  pigment- 
cells  there  is  a  change  of  place  of  the  granules  of  pigment  without  a  simultaneous 
change  of  form  of  the  protoplasmic  body,  appears  to  me  wholly  untenable. 
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intestinal  epithelium -cells  (Fig.  45) ;  and,  finally,  various 
kinds  of  plant-cells  (Fig.  24,  a,  and  Fig.  35).  The  movement  of 
Avtaia  can  serve  as  a  type  (Fig.  95).  This  onanism  is  the  lovrest 
of  all  living  things,  and  its  formless  body  holds  within  itself  the 
whole  secret  of  life.  Taken  with  a  pipette  in  a  drop  of  water 
from  the  bottom  of  a  pond  and  brought  under  the  microscope 
upon  a  slide,  the  amoeba-cell  appears  as  a  small  grey  semi- 
transparent  droplet  of  a  more  or  less  pronounced  spherical  form ; 
in  the  central  portion  He  the  nucleus  and  usually  a  contractile 
vacuole,  surrounded  by  a  more  or  less  granular  endeytlasm,  while 
the  peripheral  layer  consists  of  a  more  hyaline  exopla^m.  If 
this  drop  of  living  substance  be  observed  for  some  time,  it    is 


,'~\ 


^Q 


seen  that  at  some  point  of  its  sur&ce  the  spherical  mass  bulges 
out  in  the  form  of  a  lobate  projection ;  this  becomes  constantly 
larger  and  extends  itself  farther  and  farther,  more  protoplasm 
flowing  into  it  constantly ;  the  phenomenon  spreads  from  the 
peripheral  parts  toward  the  centre,  so  that  a  continual  streaming 
takes  place  from  the  centre  toward  the  periphery  in  this  so-callea 
fsmdopodiiem  (Fig.  95).  Frequently  the  whole  protoplasmic 
mass  of  the  amceba  flows  over  into  this  one  lobate  projection,  so 
that  the  body  forms  a  single  extended  mass,  as  can  be  observed 
especially  in  Amaia  Umax.  Frequently,  however,  the  centrifugal 
protoplasmic  streaming  of  the  pseudopodium  becomes  interrupted, 
while  at  the  same  time  at  another  point  of  the  surface  a  second 
pseudopodium   is  formed  in  the  same  manner  by  a  centrifugal 
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flowing  of  the  protoplasm  into  the  medium,  and  a  third  may  follow 
this,  so  that  the  amoeba  protrudes  its  substance  in  various 
directions,  and  thus  considerably  increases  its  surfiice.  This 
extension  of  pseudopodia,  this  flowing  of  substance  into  the 
medium,  represents  the  phase  of  expansion.  While  a  new 
pseudopodium  is  being  extended,  protoplasm  usually  flows  out  of 
another  one,  from  the  periphery  back  to  the  centre  to  afford  material 
for  the  new  one.  that  is,  tne  old  pseudopodiura  is  drawn  in.  This 
retraction  of  pseudopodia,  this  centripetal  baek-flow  of  the 
protoplasm  and  diminution  of  the  surface  associated  with  it, 
represents  the  phase  of  contraction.     If  all  pseudopodia  are  drawn 


^  ^if  ^  -^  ^ 


in,  the  amoeba-cell  again  assumes  a  spherical  form.  The  spherical 
form  is,  therefore,  the  expression  of  most  complete  contraction  in 
naked  protoplasmic  masses.  When  undisturbed,  however,  simul- 
taneous contractions  and  expansions  usually  take  place  in  the 
same  amoeba  at  different  points  on  its  surface.  Hence  the 
pseudopodia  are  not  preformed.  Substance  flows  out,  now  here, 
now  there,  is  mixed  continually  and  flows  back  again,  and  this 
changeable  play  is  the  amoeboid  movcnii?nt. 

In  the  various  amteboid  protoplasmic  masses  the  form  of  the 

pseudopodia  varies  greatly,  according  to  the  special  consistency 

and  composition  of  the  living  substance.      As  has  already  been 

seen,'   there  occur  among  the  numerous   forms  of  rhizopod-cells 

'  Cf.  p.  Tfl. 


pseudopodis  that  are  short  and  bhtnt,  incised,  thick  and  finger- 
shaped,  slender  and  thorn-like,  straight  and  radiating,  long  and 
thread-like,  dichotomoiisly  branched,  or  reticulate.  But  all  theae 
varieties,  which  are  united  with  one  another  by  innumerable  trans- 
itions, are  produced  in  the  same  manner,  namely,  by  protoplasm 
streaming  out  into  the  medium  centrifugally  from  the  central  cell- 
body.  In  organisms  possessing  long,  filose  pseudopodia,  such 
as  Foraminifera  {e.g.,  Orbitolites,  Fig.  98),  the  protoplasm  must 
travel  a  long  way  from  the  centre  to  the  tip  of  the  constantly 


lengthening  proces.s  ;  in  these  fine  threads  the  microscope  shows  the 
protoplasm  with  its  granules  flowing  like  the  water  of  a  slow- 
stream.  This  extremely  fascinating  phenomenon  constantly  charms 
the  observer  and  has  been  vividly  described  by  Dujardin  {'41). 
Max  Schultze  ('54),  and  Haecfeel  ('62),  as  granular  or  protoplasmic 
streaming.  In  the  retraction  of  such  pseudopodia  the  proto- 
plasmic particles  must  again  travel  over  the  same  path  in  the 
reverse  or  centripetal  direction.  In  pseudopodia  that  are  extended 
to  a  considerable  distance  and  remain  extended  for  a  considerable 
time,   two  currents,  a  centrifiigal  and  a  centripetal,  are  always 
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I  noticed,  in  thick  pseudopodia  the  former  pUiinly  upon  the  peri- 

F'phery,  the  latter  in  the  axis  of  the  atrand.   According  as  the  fonner 

[  or  the  latter  preponderates,  the  pseudopodium  gradually  extends  or 

[shortens  itself.     If  the  two  are  equally  strong,  it  remains  extended, 

its  length  not  changing.      The   phenomena  of   contraction   and 

expansion  may  be  studied  very  easily  and  fully  in  the  long,  filoso 

pseudopodia  of  Foj-aminifera,  such  as  Orbitolitts  (Fig.  98).     The 

Shase  of  expansion.  *,«.,  extension,  consists  always  in  a  centrifugal 
ow  of  the  living  substance  into  the  surrounding  medium,  the  phase 
of  contraction.  i,e.,  retraction,  in  a  centripetal  flow  from  the 
periphery  to  the  central  cell-body.  Expansion  is  characterised  hy 
an  increase  of  surface,  contraction  by  an  effurt  toward  a  spherical 
form. 

Protoplasmic  streaming  in  plant-cells  follows  the  same  plan.  A 
I  cell  from  a  stamen-hair  of  TradescajUia  virginica  is  a  cylindrical, 
closed  eel  In  lose -capsule  (Fig.  99,  A),  in  which  the  protoplasmic  cell- 
body  with  its  nucleus  is  enclosed.  The  protoplasm  forms  upon  the 
inner  wall  a  continuous,  extremely  delicate  layer,  the  so-called 
primordial  utride,  from  which  there  extend  in  various  directions 
through  the  lumen  of  the  capsule,  filled  with  cell-sap,  protoplasmic 
strands  which  anastomose  with  one  another  and  at  one  point  lodge 
the  nucleus.  Both  in  these  long,  protoplasmic  strands  and  in  the 
primordial  utricle  a  continual,  protoplasmic  streaming  is  visible, 
which  corresponds  perfectly  to  tne  protoplasmic  streaming  in  the 
pseudopodia  of  Bhizopoda.  When  the  protoplasm  in  the  various 
strands  flows  in  an  inco-ordinated,  irregular  direction,  the  movement 
is  termed  by  the  botanists  circulaiion ;  when  it  follows  continually 
one  definite  direction,  rotation,.  This  phenomenon  would  corres- 
pond, therefore,  to  the  protoplasmic  movement  of  a  rhizopod-cell. 
such  as  OrbUolUes,  in  an  undisturbed  state,  in  which  the  prbtoplasni 
in  elongated  pseudopodia  streams  continually  both  in  a  centrifugal 
and  a  centripetal  direction,  i.e.,  in  which  the  phases  of  contraction 
and  of  expansion  are  equally  developed.  In  the  plant-cell  such  a 
complex  system  of  currents  has  arisen  by  division  of  the  mass  of 
protoplasm  into  single,  anastomosing  strands,  so  that  the  distinction 
between  centrifugal  and  centripetal  currents  no  longer  holds ;  the 
same  is  true,  also,  of  large  Rhisopoda,  such  as  the  plasmodia  of 
MyxDmycetes,  the  whole  body  of  which  resolves  itself  into  a  richly- 
branched,  pseudopodial  network.  The  phase  of  contraction  may, 
however,  be  brought  out  here  very  clearly  and  easily  by  stimuli. 
As  in  the  Rhizopoda,  it  is  characterised  by  the  protoplasm 
becoming  contracted  into  globules  (Fig.  99,  B),  which  flow  together 
and  under  certain  circumstances  Anally  form  a  large  lumpy  mass 
about  the  nucleus.  This  is  the  complete  analogue  of  the  phase  of 
contraction  in  the  Rhizopoda,  where  the  pseudopodia  retract  them- 
selves so  that  the  body  assumes  a  more  or  less  spherical  form. 
Bence,  the  phenomena  of  protoplasmic  streaming  are,  in  principle. 
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exactly  the  same  in  plant-cells  as  in  Rkizopoda ;  Max  Scliultze 
f'63)  has  discwesed  verj'  fully  the  analogy  of  protoplasmic  move- 
ment in  the  two  cases. 

The  amount  of  work  that  can  be  performed  in  amoeboid  move- 
ment has  thus  far  not  been  ascertained,  but  the  development  of 
energy  does  not  appear  Uy  be  considerable. 

Muscular  movement  is  the  specific  form  of  movement  of  th(! 
animal  organism,  by  which  apparently  it  is  distinguished  from  all 
plants.  All  the  gross  ana 
rapid  mass-movements  of  the 
whole  animal  body  or  of  single 
systems  of  organs,  all  those 
remarkable  movements  which 
of  all  vital  phfinoraena  produce 
most  the  impression  of  living, 
depend  upon  the  contraction 
of  muscle -fibres.  Such  move- 
ments mislead  ordinary  ob- 
servers into  ascribing  to 
animals  a  higher  stage  of  life 
than  to  the  plants,  the  latter 
being  considered  to  stand 
much  nearer  to  lifeless  nature 
than  to  the  animals. 

In  contrast  to  amoeboid 
protoplasmic  movement,  mus- 
cular movement  is  especially 
characterised  by  the  faot  that 
its  factors  are  co-ordinated  in 
space,  in  so  far  as  the  particles 
of  a  muscle-libre  shift  them- 
selves in  one  definite  direc- 
tion. Of  course  it  can  be 
said  that  in  a  long,  straight, 
filose  pseudopodium  the  par- 
ticles flow  likewise  in  a  definite 
direction;  but  this  direction 
is  not  continual,  for.  in  re- 
traction the  particles  mingle 
again  with  others  and  seiiarabe 

from  one  another  in  all  possible  directions.  In  contrast  to  this. 
the  particles  that  in  a  muscle-fibre  are  the  seat  of  contraction- 
phenomena  are  constantly  present  as  special  structures  in 
the  rest  of  the  cell -protoplasm  and  cannot  directly  mis  with 
it.  It  is  customary  to  term  the  whole  muscle-cell  a  mvsch- 
Jibre,  and  these  specially  differentiated   contractile   strips   in   it 
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mmcle-^bnllcB ;  the  fibrillse  lie  embedded  in  the  protoplasm 
of  the  fibre,  which  can  be  termed  with  Rollett,  in  brief,  sarco- 
plasm,  arranged  in  various  ways  but  all  in  the  same  direction. 
They  represent  specially  differentiated  organoids  of  the  cell- 
protoplasm. 

In  accordance  with  the  varying  structure  of  the  contractile 
muscle -fibri lias,  two  groups  of  muscle-fibres  or  muscle-cells  are 
distinguished,  the  smooth  and  the  cross-driated.  In  smooth 
muscle-fibres  the  fibrillse,  which  lie  embedded  in  the  sarcoplasm 
parallel  to  one  another,  are  completely  homogeneous  threads  in 


(myald-flbn*)  In  Ul 
whoUy  mntracted. 


which  every  cross-section  is  like  every  other  one.  Cross-striated 
muscle-fibres,  on  the  other  hand,  contain  fibrillfe  that  from  one 
end  to  the  other  are  divided  into  many  segments,  all  of  which 
possess  a  corresponding  but  complicated  structure. 

The  simplest  forms  of  smooth  mnsde-cells  are  found  among 
Inftisoria.  In  many  ciliate  Infus<m,a,  such  as  Stentor,  the  cell-body 
represents  such  a  muscle-cell  of  the  simplest  kind ;  it  contains, 
embedded  in  the  external  layer  of  its  protoplasm,  smooth 
niuscle-fibrillie,  the  so-called  my  aids,  arranged  approximately 
parallel  to  one  another  (Fig.  100).     Other  Infusoria,  especially 
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the  delicate  Vm^ticella,  possess  a  single,  smooth  muscle-fibre,  com- 
posed of  several  fibrillsB  cemented  together ;  this  extends  outside 
the  body  as  a  thick  strand  and,  surrounded  by  an  elastic  sheath 
to  the  inner  wall  of  which  it  is  fixed  in  an  elongated  spiral,  serves 
the  cell-body  as  a  stalk  for  attachment  (Fig.  101).  In  smooth 
muscle-cells  that  are  united  in  the  cell-community  to  form  tissues, 
the  protoplasmic  body  is  reduced  very  much  in  quantity  in  com- 
parison with  the  contractile  fibrillse.  It  either  forms  merely  a 
small  sarcoplasmic  mass  containing  the  nucleus,  which  is  enclosed 
by  a  long,  spindle-shaped  covering  of  contractile,  fibrillar  substance, 


Fio.  \0\.—Vortiedla.  a,  Extended;  6,  con- 
tracted (the  stalk-muscle  Ib  not  seen  in 
a  and  b);  c,  stalk-aheath  containing 
mtiBcle-flbre,  strongly  magnified. 


Pio.  102. — Smooth  muscle-cellfl 
—a,  from  the  bladder  of  the 
frog ;  6,  from  the  retractor 
miutcles  of  fresh-water  Bryo- 


toa. 


as  in  the  smooth  muscle-cells  from  the  bladder  of  the  frog 
(Fig.  102,  a),  or  it  lies  as  a  small  cell-body  in  the  middle,  lateral  to 
the  contractile  bundle  of  fibrillse,  as  in  the  retractor  muscles  of 
fresh-water  Bryozoa  (Fig.  102, 6). 

The  structure  of  cross-striated  muscle-fihres  is  far  more  complex. 
As  a  type  of  these,  which,  like  the  smooth  muscle,  appear 
in  manifold  modifications,  the  insect  muscle-fibre  may  serve, 
the  structure  of  which  has  become  known  in  minute  detail, 
especially  through  the  striking  and  extended  investigations  of 
Kngelmann  and  recently  Rollett.     The  cross-striated  muscle-fibre 
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ofinsDCts  is  a  long  thin  cylindrical  cell,  consisting  of  sarcoplasm, 
which  is  boiindud  externally  by  a  somewhat  denser  layer,  the 
sarcolemina,  and  contains  numerous  nuclei  elongated  longi- 
tudinally (Fig.  103).  Embedded  in  this  sarcoplasm,  and  extending 
parallel  from  one  end  of  the  fibre  to  the  other,  lie  the  regularly 
segmented  muscle-fibrillffi  (fig-  104,  A).  K  the  vi-uscle-seg- 
ijw7i(s  of  a  iibrilla  be  examined  with  vcrj'  high  powers,  it  is 
found  that  they  all  possess  the  same  structure,  the  same  arrange- 
ment of  their  constituents  being  repeated  in  every  segment. 
Elach  segment  is  separated  from  the  two  adjacent  augments  by  tht; 
so-called  DoMe's  Hite  [Zunachetischeibe]  (Fig,  104,  z),  aTid  contains 


?E^ 


if  muaclB-Sbre  {tl  Uu  Mt  abovg, 


two  different  substances,  of  which  the  one  is  doubly  light -refract- 
ing, or  anisotropic,  and  lies  in  the  middle  of  the  segment  (Fig.  104, 
?,  or  5+jn+y).  while  the  other  is  singly  refracting  or  isotropic, 
and  in  two  portions  borders  the  anisotropic  substance  (Fig.  104,  i). 
In  the  middle  of  the  anisotropic  layer  there  appears  more  or  lew* 
distinctly  a  clearer  zone,  which  is  termed  Hensen's  disc  or 
Senaen's  line  [MitteUcheibe]  (Fig.  104,  m).  Finally,  there  occur 
in  many  muscle-fibres,  but  not  as  a  constant  constituent  of  all. 
one  or  two  accessory  discs  [Nebe7i»c/i.eibe]  (Fig.  104,  n)  lodged  in 
the  isotropic  substance.  The  general  constituents  of  tho 
muscle -segment  are  the  anisotropic  layer  and  the  two  isotropic 
layerB  bordering  it ;  of  these  the  anisotropic  substance  is  darker. 
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denser  and  more  §trongly  refracting,  while  the  isotropic  substance 
appears  richer  in  water,  brighter,  less  dense,  and  less  refracting. 
In  every  muacle-fibre  similar  discs  of  the  individual  fibrillse  lie  in 
the  same  transverse  plane,  so  that  the  whole  fibre  appears  regularly 
banded  or  cross-striated  {Fig.  103,^).  The  cross-striated  niuscle- 
fibres  of  vertebrates  often  reach  a  very  considerable  length,  al- 
though they  represent  only  a  single,  multinucleate  cell — e.g..  the 
fibres  from  the  long  skeletal  muscles  of  man  are  more  than  a 
decimetre  in  length,  and  each  fibrilla  in  them  extends  from  one 
end  to  the  other. 

In  the  movement  of  both  smooth  and  cross-striated  muscle- 
fibres,  two  phases  can  be  distinguished,  as  in  amoeboid  movement — 


■ubnUniw.    (Alter  Ruivier.)    a,  Tmi  nitialo  miuclONKeuian 
wibatajiue ;  >t,  ftDltutionlc  fliiba^nco  coiiU^lng  Hcasen  n  disc 


that  of  contraction  and  that  of  expansion.  Gmtiraction  consists  of 
a  shortening  and  thickening  of  the  fibrillie.  This  process  passes 
from  the  place  of  its  origin  in  the  form  of  a  contraction-wave 
over  the  whole  fibrilla.  The  particles,  therefore,  shift  themselves 
in  the  longitudinal  direction  in  such  a  manner  that  they  come  to 
tie  beside  one  another  in  a  larger  cross -section.  In  this  way 
the  whole  surface  of  the  fibrilla  becomes  diminished,  although 
not  bo  its  minimum,  the  spherical  form,  as  is  the  case  m 
naked  protoplasmic  masses.  The  simultaneous  contraction  of 
the  single  fibnllse  in  either  a  smooth  or  a  cross-striated  muscle- 
cdl  evxdantiy  canaea  a  ahortening  and  thickening  of  the  wholft  ] 
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fibre.  If  the  contraction  proceeds  very  rapidly,  as  Id  the  fibrillar 
*if  infusorial]  cells  and  cross-striated  muscie-fibres,  the  fibre  gives 
u  veiT  quick  twitch,  the  single  events  of  which  cannot  be  followed 
by  the  eye.  Thus,  the  stalk  of  Vm-ticella  contracts  suddenly. 
;wBuming  a  screw-shape  as  a  result  of  the  spiral  winding  of  the 
tiiuscle-fibre  and  drawing  the  head  of  the  animal  tightly  down 
to  the  foot  of  the  stalk  (Fig.  lOI,  h).  The  smooth  niuscle-tibres 
'if  the  tiasiies.  on  the  contrarj-.  generally  contract  extremely  slowly 
and  never  show  sudden  twitches  like  the  infusorian  myoids  and 
croas-striated  muscle-fibres.  But,  while  in  the  smooth  muscle- 
fibrilla  no  further  events,  apart  from  the  change  of  form,  are  to  be 
noted  microscopically,  the  cross-striated  fibrilTa,  in  correspondence 
with  its  complejt  structua',  shows  in  the  phase  of  contraction 
highly  characteristic  changes  of  its  striation  (Fig.  105). 
During  the  contraction  of  a  single  muscle-segment  the  following 
jihenoraena,  which  Engelmann  <73,  75,  78)  first  carefully 
analysed,  may  be  observed.     The  segment  becomes  shorter  and 
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thicker,  which  is  to  be  expected  from  the  shortening  and 
thickening  of  the  whole  fibrilla.  Meanwhile,  remarkable  changes 
occur  in  tne  relation  of  the  isotropic  to  the  anisotropic  substance. 
The  latter  increases  in  volume  and  the  former  decreases,  while  the 
volume  of  the  whole  segment  remains  unchanged.  At  the  same 
time  the  anisotropic  su&tance,  which  before  was  denser  and  darkei', 
becomes  less  dense  and  lighter,  i.e.,  less  refracting,  while  the  iso- 
tropic substance  undergoes  the  reverae  changes,  becoming  denser 
and  darker,  i.e.,  more  refracting  than  it  was  before.  These  changes 
are  extremely  important,  for  they  show  that  contraction  ctmsiats  in 
a  pasaaffe  of  stihstance  from  the  isotropic  discs  into  the  anisolropii:, 
and,  moreover,  of  substance  that  is  of  less  consistency  than  that 
of  the  anisotropic  disc.  Recently,  by  means  of  photography  Schafer 
('91,  2,  3)  has  studied  more  carefully  the  microscopic  changes 
in  this  process,  and  has  discovered  the  interesting  fact  that  in  the 
anisotropic  disc  extremely  fine  tubes  run  parallel  to  one  another 
iind  in  correspondence  with  the  direction  of  the  fibres  almost 
np   to   Hensen's   disc   (Fig.    106) ;    in   coiitractir  '      "opic 
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substance  flows  into  these  tubes,  so  that  the  lumen  of  each  is 
enlarged  and  the  whole  segment  becomes  broader  and  shorter. 
All  these  complex  phenomena  of  contraction  proceed  with  ex- 
I'essive  mpidity  from  one  muscle-segment  to  the  following,  so  that 
one  contraction-wave  after  another  passes  metachronically  over  all 
the  elements  of  the  whole  muscle-fibre  until  the  latter  is  completely 
contracted.  The  wyajwion  of  smooth  and  cross -striated  muscle-fibres 
shows  exactly  the  reverse  of  all  these  events  observed  during  the 
contraction.  The  fibrillse  extend,  becoming  gradually  longer  and 
thinner  from  the  point  where  the  con  traction -wave  previously 
began,  so  that  how  a  wave  of  expansion  proceeds  from  here  over 
the  whole  fibrilla,  until  the  latter  is  completely  extended.  In  the 
single  segment  of  the  cross-striated  fibre, 
also,  the  changes  are  exactly  the  reverse 
of  those  that  appear  in  contraction.  The 
segment  becomes  longer  and  thinner,  the 
anisotropic  substance  decreases  in  volume, 
and  becomes  darker,  denser,  and  more  highlj- 
refracting,  while  the  isotropic  substance 
gains  in  volume  and  becomes  lighter,  less 
dense  and  less  refracting,  until  the  resting 
"f^toT^SHJ'.'^i^Stou.B  state  is  again  retvehed.  In  llie  tx^asiou 
rtl^B^  "wta^SS^  lllb'     "f  '^    crtm^rwUd    inusck-fibre,    there/are, 

(tuca  iaeu  from  ■fcrtu  ;  h,      SuhstanCt  tkof,  pOSStSSeS  sUght  COtlSiticney  pOSSes 

•aai/He-KsmmU.  '^'  (At™    /roiii  the  anisotrf^ic  to  l/te  iaotropic  discs. 

**""■■*  Both   smooth   and   cross-.striated  muscle- 

fibres  are  united  in  the  cell-community 
intfl  tissues,  the  muscles.  Wherever  rapid  and  powerful  mus- 
cular effects  are  to  be  brought  about,  as  in  the  skeletal 
muscles  and  the  heart,  the  muscles  are  composefl  of  cross-striated 
fibres,  while  the  slow,  sluggish  movements  of  the  involuntar)' 
organs,  such  as  the  stomach,  the  intestine,  and  the  bladder, 
depend  upon  the  activity  of  smooth  muscle-cells.  The  contraction 
of  mxiscle  reaches  its  highest,  and  indeed,  an  astonishing  rate  in 
the  wing-muscles  of  many  insects,  e.g.,  guats.  where,  as  Marey  has 
shown,  300 — 400  contractions  in  a  second  can  be  carried  out.  It 
is  evident  that  the  effect  of  the  contractions  will  be  very  consider- 
able where  very  many  fibres  compose  a  muscle.  In  fact,  even  in 
relatively  small  muscles  an  enormous  transformation  of  energy 
takes  place.  Thus,  such  a  small  muscle  as  the  caU'-rauscle  {gastroc- 
ueniitis)  of  the  frog,  which  measures  scarcely  a  centimetre  in  cross- 
section  in  its  thickest  place,  is  capable,  according  to  Rosenthal's 
observations,  of  raising  a  weight  of  more  than  one  kilogram.  The 
work  that  the  heart-inuscle  performs  is  enoniious.  Zuntz  ("92)  has 
cidculated  that  the  heart  of  a  man  beating  nonnally  performs  in 
one  day  a  work  of  about  20,000  kilogram- met  res — a  labour  that 
would  be  sufficient  to  raise  a  weight  of  20,000  kilograms  one  metre 
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high.  It  is  uasy  irom  this  to  compute  the  enormous  labour  per- 
formed by  this  organ  during  the  whole  life  of  &  man.  The  muscle 
is  the  most  perfect  d^-namic  machine  known. 

Ciliary  movemmt,  finally,  is  no  less  wide-spread  than  the  two 
other  forms  of  contraction.  The  infusorian  that  bustles  about 
iictively  in  the  water  of  a  puddle  moves  by  the  strokes  of  fiagella 
or  cilia.  The  aperxaatozoon  that  in  fertilisation  strives  after  union 
with  the  egg-cell  is  driven  forward  by  the  vibrations  of  its  flagellum. 
The  cells  of  ciliated  epithelium  that  line  air-passages  keep  the 
mucous  membrane  clean  by  their  activity,  and  by  the  rhythmic 
beating  of  their  cilia  shove  to  the  outside  foreign  bodies  that  have 
come  into  the  passages  in  swallowing.  The  host  of  Infaaoria  is 
numberless,  flagellated  spermatozoa  arc  wide-spread  among  both 
plants  and  animals,  and  tnere  is  scarcely  a  group  of  animals  whose 
bodies  do  not  possess  in  some  spot  ciliated  epithelium. 

Like  muscular  movement,  ciliary  movement  is  co-ordinated 
— i.e.,  the  motile  particles  are  shifted  in  a  definite  direction.  This 
is  rendered  possible  by  the  fact  that  the  contractile  elements,  as 
in  the  muscle-cell,  are  developed  as  constant  differentiations  of  the 
cell -protoplasm  in  the  form  of  short,  hair-like  appendages  of  the 
cell-oody.  According  as  the  cell  possesses  one  cilium  or  a  few  long 
ones,  or  many  short  ones,  the  term  jlagellatcd  cell  (Fig-  107, 
C,  D,  £),  or  ciliated  cell  (Fig.  107,  A,  B).  is  employed.  The 
phenomena  of  ciliary  motion  result  from  the  performance  of 
vibratory  movements  by  the  tiagella  or  cilia. 

The  following  are  the  chief  characteristics  of  ciliary  motion. 
In  contrast  to  most  forms  of  muscular  motion,  which  with  few 
exceptions  (Infusoria,  heart-muscle)  come  about  only  as  the  result 
of  external  impulses  from  the  nervous  system,  ciliaiy  motion  is 
automatic,  i.e.,  the  impulses  that  lead  to  it  arise  in  the  cilia  them- 
selves ;  there  is  no  known  case  in  which  the  motion  is  at  all  under 
the  influence  of  the  nervous  system.  It  has  been  determined  by 
vivisection  experiments '  that  the  cause  of  the  motion  is  seated  in 
the  protoplasm  of  the  cell-body,  for,  if  the  isolated  cilia  possess 
abeolutely  no  protoplasm  at  their  bases,  they  are  wholly  motionless. 
Further,  most  casws  of  ciliary  motion  are  distinguished  by  their 
rhythm,  for  except  in  certain  flagellate  and  ciliate  Infusoria  the 
cilia  contract  always  at  regular  intervals,  at  least  during  pronounced 
activity.  The  vibrations  become  irregular  only  during  the  trans- 
ition to  the  resting-stage  or  under  the  influence  of  external  factors. 
Finally,  a  third  characteristic,  which  belongs  only  to  multiciliated 
cells,  IS  the  metachronisni  of  the  motion  of  the  individual  cilia. 
The  individual  cilia  of  a  row,  beginning  at  one  end,  contract  in 
exactly  the  same  rhythm  and  succession,  so  that  every  beat  of  the 
first  cilium  is  followed  by  a  beat  of  the  second,  then  of  the  third, 
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the  fourth,  and  so  on.  A  cilium  nevt-r  contracts  spoDtancoiislj' 
out  of  order,  it  never  makes  a  movement  before  the  preceding 
cilium   in   the   row  has  moved ;   it  always  begins  its  movement 


ciliated  gplthuUum-uilli  Inim  tha  liuuun  eptdldymlii.    (Allor  aohleflerdDokE 
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immediatelj'  after  the  movement  of  the  preceding  cilium  has  begun 
Hid  before  it  is  ended.  It  thus  happens  that,  considering  the  row 
I- —  .1 J — iwjut:!^  the  movement  of  etich  upper  cilium  slightly 


and 
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■precedes  that  of  each  lower  one  (Fig.  lOS).     In  other  words,  the 

luppermost  cilium  gives  the  sign  to  the  others  ;   if  the  uppormoat 

■xtne  is  at  rest,  the  others  rest :  if  it  contracts,  they  also  contract  in 

jorder;  and  this  is  true  not  only  of  the  cilia  of  the  single  cell,  but. 


ciliated  epithelium,  of  the  cilia  of  all  the  cells  in  a  row.  In  this 
teanner  there  occurs  an  extremely  delicate  and  regular  play  of  the 
cilia,  which  has  &scinated  many  observers  and  gives  the  impression 
of  regular  waves  passing  over  the  ciliated  row,  somewhat  as  the 
wind  sweeps  over  a  field  of  grain.  When  several  parallel  rows  of 
cilia  are  present,  the  cilia  standing  beside  one  another  in  adjacent 
rows  beat  synchronously,  just  as  the  fibrillse  lying  beside  one 
another  in  a  muscle-fibre  contract  at  the  same  time. 

The  phases  of  movement  of  the  individual  cilium  can  best  be 
studied  in  the  swimming-plates  of  the  Ctenopliora}  The  body  of 
these  remarkable  animals  consists  of  a  delicate  transparent  Jelly, 
and  possesses  eight  stripes  nr  vihs  (Fig.  lOil)  extending  from  one 


I  pole  to  the  other ;  each  rib  consists  of  a  row  of  plates,  the  smm- 
\ming-platt8,  that  lie  npon^-one  another  like  tites  upon  a  roof. 
■  'Each  swimming-plate  is  about  2  mm.  long,  and  consists  of  a  con- 
Ifiiderable  number  of  cilia,  cemcntetl  together,  which  belong  to  the 
Icell-biMiies  lying   beneath.      On   account   of  their   extnwirdinarj' 
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size,  the  unusual  simplicity  of  their  arrangement  in  raws, 
and  the  fact  of  the  rhythm  of  their  beat  being  frequently  very 
slow,  these  swimming-plates  serve  as  no  other  object  does  for 
cxperimentatiun  and  observation.  As  was  said  above,  the  plates 
are  formed  of  many  cilia  cemented  together,  but  each  cilium 
evidently  makes  exactly  the  same  movement  as  the  whole  plate, 
BO  that  observations  made  upon  the  whole  plate  may  be  transferred 
to  the  conditions  in  a  single  cilium.  On  account  of  the  size  of 
the  object  observations  can  be  made  with  the  naked  eye  or  with  a 
weak  lens.  If  a  single  swimming-plate  be  observed  iu  profile, 
it  \s  seen  that  in  the  rest! ng-posit ion  it  lies  flat  against  the  body. 
so  that  it  shows  two  curves,  a  greater  one  of  smaller  radius 
immediately  above  the  base,  and  a  smaller  one  of  greater  i-adiuR 
and  in  the  opposite  direction  in  the  upper  half(Fig.  110).     This 


is  the  position  of  rest.  If  now  the  plate  performs  a  stroke,  the 
lower  curve  beginning  from  the  base  of  the  cilium  extends  itself 
completely,  even  giving  place  to  a  slight  curve  in  the  opposite 
direction.  Hence,  in  the  position  of  extreme  swing  the  plate 
stands  erect  with  a  slight  curve  toward  the  opposite  side.  The 
progressive  phase  of  the  stroke  is  thereby  completed.  Now 
tbllows  the  retrogressive  phase,  in  which  the  plate  falls  bock  again 
into  its  position  of  rest,  the  original  curve  at  the  base  gradually 
coming  back  until  the  plate  again  lies  against  the  boay.  The 
retrogressive  phase  proceeds  more  slowly  than  the  progressive. 
Because  of  this  fact  and  by  means  of  the  upper  curve — into  the 
special  significance  of  which  we  shall  gu  no  further — it  is  rendered 
possible  that  the  motor  effect  of  the  progressive  phase  is  not  balanced 
by  the  retrogressive  phase;  otherwise  the  animal  would  remain 
continually  in  The  same  place  in  the  water.     The  movement  of 
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individual  cilia  can  be  followed  in  Infusoria  under  the  microscope, 
if  the  stroke  be  slowed  by  placing  the  objects  in  a  thickish 
medium,  such  as  a  solution  of  gelatine.  It  is  then  found  that  the 
resting-position,  from  which  the  cilium  performs  its  movements, 
is  changeable.  At  one  time  the  cilium  lies  more  against  the  body, 
at  another  time  it  stands  more  vertical ;  hence  the  amplitude  of  the 
swing,  and  thus  the  amount  of  the  motor  effect  can  be  very  finelv 
graded  (Fig.  111). 

It  follows  from  the  change  of  form  of  the  individual  cilium  in 
carrying  out  the  stroke,  that  in  the  progressive  phase  a  contraction, 
starting  from  the  base  of  the  cilium,  takes  place  on  the  side 
toward  which  the  stroke  is  carried  out,  for  a  simple  measurement 
shows  that  this  side  is  shortened  when  it  passes  mto  the  position 
of  extreme  swing.     At  the  same  time  the  opposite  side  is  drawn 


B 


Fio.  111. — Movement  of  a  single  cilium  of  a  ciliate  infusorian  (Vrwiyia  grmndUf  border*cillum) 
from  two  different  resting-poeitionB,  /  and  11.  A.  Progressive,  B,  retrogressive  phase  of  tho 
movement  in  several  successive  stages..  The  arrows  indicate  the  direction  toward  which 
the  body  is  driven. 


over  passively,  being  extended  necessarily,  according  to  simple 
mechanical  principles.  In  the  retrogressive  phase  the  contracted 
side  relaxes,  and  to  the  same  extent  the  cilium,  as  a  result  of  the 
elasticity  of  the  extended  side,  bends  back  into  the  position  of 
rest.  The  progressive  phase,  therefore,  is  the  phase  of  contraction, 
the  retrogressive  phase  that  of  expansion  of  the  single  stroke  of 
the  cilium.  The  play  of  the  ciliary  movement  comes  about  by  the 
rhythmic  alternation  of  the  two. 

But  all  cilia  do  not  contract  in  one  plane  like  those  of  the 
swimming-plates  of  the  ctenophores.  Many,  especially  certain 
fiagella,  describe  more  complicated  paths,  funnel-shaped,  screw- 
shaped,  and  like  the  path  of  a  whip-lash,  and  accordingly  the 
earlier  physiologists  distinguished  several  forms  of  ciliary  move- 
ment. But  whatever  the  path  of  vibration  of  the  different  cilia 
may  be,  the  same  principle  lies  at  the  basis  of  all,  viz. :  that  a 
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contractile  side  contracts  from  the  ceil-body  outward,  mid  thereby 
thu  opposite  side  is  extended ;  in  the  phase  of  expansion  ihL- 
latter,  by  its  elasticity,  brings  the  cilium  back  into  the  position  of 
rest.  According  to  the  relative  positions  of  the  contractile  and 
the  passively  extended  substances  there  results  a  movement  in  a 
plane  or  a  more  complicated  form. 

The  work  perfijrmed  in  ciliary  movement  is  much  less  than 
that  of  Qiuscutar  movement.  Engelmann,  Eowditch  and  others 
have  calculated  the  work  of  ciliated  epithelia,  and  recently  Jensen 
('93,  2)  has  measured  the  force  of  a  single  ciliate-infusorian  cell. 
Parumaaum.  which  is  well  titted  for  a  great  variety  of  investiga- 
tions. Jensen  determined  that  a  Param-cccium,,  which  possesses  a 
length  of  about  025  mm.,  is  able  to  raise  a  weight  of  000158  mgr., 
■i.e.,  about  nine  limes  the  weight  of  its  own  body. 

The  view  is  sometimes  expres-sod  that  amceboid  movement  has 
nothing  in  common  with  muscular  movement,  and  the  latter 
nothing  in  common  with  ciliary  movement,  that  the  three  are 
utterly  diflFerent  in  kind.  The  above  brief  examination  is  sufficient 
to  show,  however,  that  these  three  forms  of  contraction  constitute 
jL  single  group  in  contrast  to  all  other  modes  of  motion.  It  is  true 
that  they  show  among  themselves  certain  differences,  and  that  at 
tirst  sight  they  appear  quite  unlike  one  another,  but  it  has  been  seen 
that  they  all  rest  upon  the  same  principle,  namely,  that  of  alter- 
nating diminution  of  surface  (conti-aetion)  and  increase  of  surface 
(expansion)  by  means  of  a  rearrangement  of  the  particles  of  the  living 
-sulwtaDce.  That  in  amceboid  movement  this  shifting  of  the  particles 
is  wholly  without  rule,  while  in  muscular  and  cibary  movements 
it  is  orderly,  proves  only  that  the  two  latter  represent  a  higher 
stage  of  differentiation  than  the  former.  That,  however,  they 
stand  in  the  closest  genetic  connection  with  amosboid  movement, 
that  they  have  become  evolved  from  it  phylogcnetically,  is  proved 
by  numerous  cases  of  transition,  on  the  one  hand  between 
amceboid  and  muscular  movement,  and  on  the  other  between 
umceboid  and  ciliary  movement.  Engeimann  ('81,  2)  has  found 
rhizopods  (Acanihoeysiis)  possessing  straight,  Hlose.  uubranched 
pseiidopodia,  which  are'  capable  of  contracting  longitudinally  with 
excessive  rapidity,  and  from  which  a  small  muscle-fibre  is  distin- 
guishable only  by  its  constant  differentiation;  Engeimann  haa 
fittingly  termed  these  pseudopodia  myopodia.  Moreover,  many 
cases  have  been  observed  where  filose  pseudopodia  of  amceboid 
cells  carry  out  pendular  vibrations,  at  first  irregularly  and  slowly, 
later  rhythmically,  until  they  have  developed  into  genuine, 
constant  cilia.  In  view  of  such  facts  no  proof  is  needed  to 
place  beyond  doubt  the  genetic  connection  of  the  three  forms  of 
contraction,  even  if  careful  observation  of  their  single  factors  had 
not  proved  sufficiently  clearly  the  identity  of  the  principles  upon 
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I  which  they  are  basod  and  their  relationship  in  comparison  with 

I  all  other  modes  of  motion. 

The  contraction  of  living  substance  follows  the  same  principle 
everywhere,  whether  the  living  substance  creeps  about  as  an 
Ainaba  upon  decaying  leaves  in  a  pool  of  water,  whether  as  a 
white  b!ood-corpii8cle  it  forces  its  way  through  lymph  spaces  in 
the  tissues  of  the  animal  body,  whether  as  a  protoplasmic  network 
it  circulates  in  the  cellulose-capsule  of  a  plant-cell,  whether  as  a 
muscle-fibre  it  performs  the  contractions  of  the  untiring  human 
heart,  or,  finally,  as  a  cilium  on  the  oviduct  of  woman  it  trans- 
ports the  unfertilised  egg-cell  to  the  uterus  to  undergo  fertilisa- 
tion,— everywhere  there  is  the  same  phenomenon  of  alternating 
contraction  and  expansion  of  the  living  substance  by  means  of  the 
reciprocal  rearrangement  of  its  particles. 


2.   The  Froditdimi  of  Light 

In  the  movements  of  living  substance,  especially  in  the 
phenomena  of  contraction,  the  transformation  into  kinetic  energy 
of  the  potential  energy  inti'oduced  into  the  body  as  food,  enmea 
out  very  clearly.  This  is  much  less  evident  in  the  production  of 
other  forms  of  kinetic  energy,  such  as  light,  heat,  and  electricity, 
for  the  demonstration  of  which  very  complicated  methods  and 
sensitive  instruments  are  often  required. 

Next  to  the  mechanical  energy  of  movement,  the  production 
of  light  is  most  evident  to  the  senses,  and  has  always  had  a 
mysterious  fascination  for  the  observer.  It  has  a  curious  charm, 
when  at  night  the  water  of  a  quiet  sea  breaks  into  a  bright, 
yellow  glow  at  every  stroke  of  an  oar.  or  when  in  soutnem 
climates  in  the  spring,  the  mild  night  air  is  tilled  by  innumerable 
sparks,  which  silently  flash  up  and  circle  about,  and  then 
disappear. 

The  emission  of  light  by  living  substance  is  wide-spread.  It  is 
an  especially  significant  fact  that,  of  the  wonderful  pelagic  animals 
whose  delicate  transparent  b^jdies  occupy  the  upper  strata  of  the 
sea  and  fioat  about  as  plankton,  almost  all  possess  luminous 
power.  Associated  with  this  fact  is  the  presumption  that  the 
luminous  capacity  of  living  substance  is  possibly  much  wider- 
spread  than  is  realised,  that  we  do  not  see  the  light  because  the 
organisms  are  not  transparent,  or  because  the  production  is  too 
feeble  to  allow  the  light  to  be  seen  through  thick  body-layers ; 
indeed,  it  is  not  impossible  that  in  our  own  bodies  certain  celts 
may  be  photogenic.  In  most  cases,  as  in  luminous  insects,  the 
power  of  emitting  light  is  a  j>ecuiiarity  specially  perfected  by 
selection  and  possesses  its  own  significance  for  the  life  of  the 
animals  in  question.  In  pelagic  marine  animals  also  such  a 
significance  is  certainly  present :  as  a  rule,  these  animals  emit  light 
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suddenly  and  only  upon  stimulation,  and  hence  it  may  be  sup- 
posed that  the  light  serves  as  a  means  of  frightening  enemies 
(Fig.  112). 

The  spontaneouH  emission  of  light  is  much  less  common.  It 
appears  especially  in  certain  putrefacti\e  bacteria  that  live  upon 
decaying  sea-fish  and  flesh  (BacUnum  ■phosphorescens),  as  well  as  in 
mushrooms  {Agaricus),  and  certain  insects  {Elater,  Law/pyris). 
Numerous  researches  have  been  carried  on  respecting  the 
nature  of  the  light,  e.g.,  those  of  Panceri  and  Secchi  on  Salpee 
{Pyrosoma),  those  of  Moaeley  on  deep-sea  ccBlenterates( jJ/cyonaWa), 
and  more  recently,  especially  those  of  Langley  and  Very  ('90)  upon 
the  lightning-bug  {Pyropkoms  noctilueits).  To  obtain  a  comparison 
of  insectrligbt  and  sunlight, 
Langley  and  Very  super- 
poi^ed  a  spectrum  of  the 
light  of  Pyropkorvs  abrjve 
the  solar  spectrum  (Fig, 
li:i),  and  thus  determined 
that  with  equal  luminosity 
i.he  solar  spectrum  extends 
further  toward  both  the 
violet  and  the  red  than 
thr-  light  of  Pyropkoms. 
l>iit  that  the  latter  is  more 
niU'DBe  than  sunlight  in 
!hf  green. 

It  is  easily  understood 
t  liat  the  origin  of  so  pe- 
I'liiiar  a  phenomenon  as 
iii'ganic  luminosity  has 
«specially  attracted  the 
attention  of  investigators, 
and  it  is  not  surprising 
that  an  enormous  literature  upon  the  subject  has  appeared. 
PflUger  (75.  1,  2)  has  collected  a  series  of  physiologically 
interesting  accounts.  It  appears  therefrom  that  very  different 
^■iews  have  been  put  forward  upon  the  origin  of  the  light  in 
organisms.  The  idea  early  met  with  great  approval,  especially 
among  non -specialists,  that  organic  light  depends  upon  thf 
presence  of  phosphorus,  to  the  mild  light  of  which  it  has  a  certain 
external  simdarity.  But  exact  investigations  have  shown  that  it 
has  nothing  whatever  to  do  with  phosphorus.  This  follows  from 
the  fact,  among  others,  that  the  emission  of  light  presupposes  lift- 
in  the  cell.  It  can  be  observed  in  the  single  cell,  a  free-living 
bacterium  from  decaying  fish,  an  infusoriun  or  radiolarian  from 
sea-water,  or  a  tissue-cell  of  a  composite  animal-  or  plant-body; 
but  in  every  case  the  photogenic  substance  is  produced  only  in 
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the  cell-tnetaboliain,  although  K.  Dubois  ('92)  has  shown  that  in 
certain  animals,  e.g.,  the  boring  niuasel  Pholaa,  the  substance  can 
bo  extruded  from  the  body  as  a  cell-product  without  immediately 
losiog  ita  luminous  power.  Phosphorus  is  an  active  poison 
for  all  living  substance ;  hence,  in  the  free  state,  in  which  it 
becomes  luminous,  it  is  wholly  incompatible  with  the  life  of  the 
cell.  A  trace  of  free  phosphorus  or  luminous  compounds  of  phos- 
phorus haa  never  been  found  in  luminous  animals.  Nevertheless, 
it  can  be  stated  with  certaiuty  that  the  luminosity  of  living 
substance  is  associated,  as  in  phosphorus,  with  very  slow  oxida- 
tion-processes. This  follows  especially  from  the  feet  that  the 
light  continues  only  in  the  presence  of  oxygen.  Moreover,  Fahre 
('55)  has  found  that  the  luminous  mushroom,  Agariais,  produces 
much  more  carbonic  acid,  when  emitting  light,  than  at  other 
times.     Finally,  there  belongs  here  a  fact  that  was  observed  by- 


Max  Schultze  ('65)  in  the  cells  of  the  photogenic  organs  of  light- 
ning-bugs, namely,  that  these  photogenic  cells  stand  always  in  the 
■closest  connection  with  the  tracheae,  which  serve  as  breathing- 
tubes  ;  and,  if  they  be  placed  under  the  microscope  with  perosmic 
.acid,  they  withdraw  oxygen  from  the  latter,  a.  fact  which  may  be 
recognised  by  the  appearance  of  a  black  precipitate.  The  photo- 
genic cells,  therefore,  absorb  oxygen  actively.  Pfl  tiger  appropriately 
says  concerning  it :  "  Here,  in  the  wonderful  spectacle  of  animal 
phosphorescence  nature  has  given  us  an  example  that  shows 
where  the  taper  bums  that  we  call  life."  "  It  is  certainly  no  rare 
exception,  but  only  the  special  expression  of  the  general  law  that 
all  cells  are  burning  continually,  although  with  our  corporeal  eyes 
we  do  not  see  the  light." 

As  regards  the  special  processes  of  oxidation  with  which  thf 

luminosity  of  living  organisms  is  associated,  at  present,  with  our 

very  scanty  knowledge  of  metabt^lism.  almost  nothing  can  be  said 

'  with  certainty.     The  beautiful  researches  of  Rndziszcwsl 
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more  than  any  others  have  elucidated  this  subject.  Radziszewski 
studied  in  detail  the  conditions  under  which  chemical  substances 
exhibit  phenomena  of  phosphorescence,  and  found  that  a  whole 
series  of  organic  bodies  emit  light  when  they  are  slowly  combined 
with  active  oxygen  in  an  alkaline  solution.  Such  bodies  comprise 
especially  many  fats,  ethereal  oils,  hydrocarbons  and  alcohols.  In 
many  the  light  appears  at  ordinary  temperatures,  in  others  only 
upon  warming.  If,  e.g.,  oleic  acid  be  added  to  an  alcoholic  solution 
of  potassium  hydrate  in  a  test-tube,  a  light  lasting  for  a  short 
time  may  be  observed  in  the  dark  while  the  acid  is  being  dis- 
solved. If,  afker  the  light  has  ceased,  a  drop  of  a  solution  of 
peroxide  of  hydrogen  be  added  to  the  liquid,  a  clear  strip  of  light 
is  seen  to  pass  through  the  test-tube  along  with  the  drop  of 
peroxide  of  hydrogen  as  it  falls  to  the  bottom.  This  is  due  to  the 
fact  that  the  peroxide  of  hydrogen  gives  off  active  oxygen  to  the 
oleic  acid.  The  same  phenomenon  of  light  is  shown  still  more 
clearly  when  oleic  acid  is  dissolved  in  pure  toluol,  which  likewise 
is  capable  of  phosphorescence,  and  the  solution  is  poured  over  a 
piece  of  potassium  or  sodium  hydrate.  The  intensity  of  the  light 
can  always  be  increased  by  snaking,  because  the  free  atoms  of 
oxygen  are  thus  brought  more  into  contact  with  the  molecules  of 
the  phosphorescent  body.  If,  e.g.y  into  a  glass  bulb  containing 
a  mixture  consisting  of  equal  parts  of  pure  toluol  and  cod -liver 
oil  (which  latter  always  contains  in  addition  to  oleic  acid  free 
atoms  of  oxygen),  there  be  thrown  a  few  pieces  of  potassium 
or  sodium  hydrate,  and  the  whole  be  gently  warmed  and 
placed  in  the  dark,  no  light  is  seen  at  first.  But,  if  the  contents 
of  the  bulb  be  gently  shaken,  there  is  seen  "  at  once  a  beautiful 
light  streaming  through  the  whole  mass  like  a  flash  of  lightning." 
It  is  in  the  highest  degree  probable  that  the  luminosity  of 
living  substance  depends  upon  analogous  processes.  Fats,  oils, 
etc.,  are  wide-spread  in  living  substance,  and  Panceri  believes  of 
certain  luminous  marine  fishes  that  the  liquid  fat  is  the  luminous 
body.  Substances  that  give  an  alkaline  reaction  are  like^vise 
found  everywhere  in  living  substance,  and  the  luminosity  of 
organisms  is  associated  with  processes  of  oxidation.  Thus  the 
same  conditions  are  present  in  living  substance  as  in  the  experiment 
of  Radziszewski. 

3.  The  Production  of  Heat 

The  production  of  heat  is  much  less  apparent  to  the  senses 
than  that  of  light.  While  we  can  observe  the  latter  readily  in 
the  single  cell,  the  amount  of  heat  produced  by  the  single  cell, 
Ix'cause  of  the  small  size  of  the  object,  cannot  be  measured  with 
our  crude  instruments  for  the  measurement  of  temperature.  Never- 
theless,  it  must  be  assumed  that  in  the  interior  of  every  living  cell 
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heat  is  produced,  for  chemical  processes  are  there  present  that  are 
aOTompanied  by  the  production  of  kinetic  energy,  and  heat  is  the 
fonn  of  kinetic  energy  that  is  evolved  in  all  such  processes  with- 
out exception,  either  alone  or  in  addition  to  other  forms  of  energy. 
In  fact,  there  is  even  good  ground  for  supposing  with  PflUger  that 
in  single  molecules  of  living  substance  temperatures  of  several 
thousand  degrees  Centigrade  become  developed  suddenly.  This  may 
be  the  case  in  the  production  of  a  molecule  of  carbonic  acid,  since 
the  heat  yielded  by  the  combustion  of  carbon  amounts  to  8,000 
calories.  But  the  molecule  of  carbonic  acid  is  excessively  small, 
and  it  is  surrounded  in  the  cell  by  an  enormous  number  of  other 
molecules  which  possess  a  very  low  temperature.  Hence,  the 
heat  that  suddenly  flashes  up  is  counterbalanced  as  rapidly  as  it 
appears ;  and,  since  all  heat-forming  molecules  are  not  produced 
simultaneously,  but  appear  now  here  and  now  there  between  large 
masses  of  other  molecules,  it  is  evident  that  the  total  temperature 
of  the  cell  resulting  from  the  equalisation  of  all  the  various  indi- 
vidual temperatures  cannot  reach  a  remarkable  height.  Further, 
with  our  crude  methods  of  heat-measurement,  we  cannot  yet 
measure  the  actual  heat  given  off  to  the  outside  by  a  single  cell, 
since  the  greater  part  is  lost  in  the  process  by  conduction  and 
radiation.  It  is,  therefore,  necessary  to  employ  for  the  determin- 
ation of  the  heat-production,  not  a  single  cell,  but  large  cell- 
complexes,  such  as  considerable  masses  of  tissue  or  whole 
organisms. 

The  production  of  heat  ia  most  evident  in  the  bodies  of  homo- 
thermal,  or  so-catted  warm-blooded,  animals.  It  has  already  been 
seen  that  the  earlier  division  of  animals  into  warm-blooded  and 
cold-blooded  has  been  very  fittingly  rejjlaced  by  that  into  homo- 
thermal  and  poikilothermal  animals,  i.e.,  those  that  maintain 
under  all  external  conditions  the  same  body-temperature  and 
those  whose  body-temperature  rises  and  falls  with  the  temperature 
of  the  environment.  Homothermal  animals  show  most  clearly  the 
production  of  body-heat  because  they  have  contrivances  for  storingup 
heat  in  themselves  to  a  certain  definite  degree  and  maintaining  it 
at  this  degree  by  an  extremely  delicate  regulating  mechanism. 
Hence,  with  an  external  temperature  not  too  high  the  body  of  the 
homothermal  animal  is  always  warmer  than  the  surrounding 
medium.  This  may  be  determined  readily  by  the  method  of 
thermometric  measurement.  Thus,  the  body  of  man  possesses  in 
its  interior  a  constant  temperature  of  37°— 39°  C,  upon  its  surface 
a  temperature  somewhat  less,  corresponding  to  the  external 
cooling,  in  the  mouth-cavity  about  37'  C,  and  in  the  axilla  about 
HGo"  C.  Birds  with  their  active  metabolism  have  the  highest 
body -temperature,  e.g.,  the  swallow  more  than  44'  C.  But  that 
poikilothermal  animals  can  att-ain  considerable  temperatures  when 
under  conditions  in  which  the  heat  produced  by  them 
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not  giveu  off  to  the  mudium  by  conduction  or  radiation,  is  proved 
by  the  fact  that  bees  in  their  hives  can  produce  temperatures  of 
from  30'  to  40°  C.  Even  plants  can  mise  their  temperature  above 
the  temperature  of  the  surroundings,  as  can  be  determined  thermo- 
metricauy,  especially  in  sprouting  and  in  vigorous  growth  where 
the  metabolic  processes  are  particularly  active.  Sachs  was  able  to 
determine  with  a  thermometer  a  rise  of  temperature  of  I'S"  C.  in 
jwas  which  were  allowed  to  sprout  in  a  ftmnel  under  a  bell-jar 
(Fig.  114).  Very  remarkable  temperatures  have  been  observed  in 
the  spadices  of  the  peculiar  Artndeae  during 
their  development :  nere  not  rarely  a  rise  of 
15"  C.  is  found.  A  rise  which  under  favour- 
able conditions  can  amount  to  more  than 
14°  C.  is  produced  also  by  yeast-cells  in  the 
fermentation  of  sugar  solutions. 

For  the  determination  of  delicate  changes 
of  temperature,  especially  in  the  tiasues  of 
poikilothermal  animals,  the  rough  method  of 
measurement  of  temperature  by  the  thermo- 
meter is  not  sufficient,  and  hence  the  finer 
method  of  thermo-electric  measurement  has 
been  employed.  As  is  well  known,  in  a 
thermo-electric  element,  which  consists  of 
two  pieces  of  different  metals  soldered  to- 
gether at  one  end  (the  best  metals  are  German 
silver  and  iron,  or  antimony  and  bismuth), 
an  electric  tension  is  produced  by  slight 
warming  of  the  soldered  place.  If  the  two 
free  ends  of  the  metals  be  joined  by  a  wii-e  so 
that  a  closed  circuit  exists,  an  electric  current 
can  be  led  off  from  them,  the  presence  of 
which  is  shown  by  the  deviation  of  a  mag- 
netic needle  in  the  vicinity.  For  the  demon- 
stration of  very  feeble  currents  especially 
sensitive  apparatus  is  needed,  such  as  the 
"""■'  multiplier  and  the  galvanometer,  the  mag- 

nets of  which  are  moved  by  verj-  delicate 
currents.  The  miiltiplier  consists  of  a  suspended  and  easily 
moved  astatic  system,  i.e.,  two  horizontal  magnetic  needles 
which  are  festened  together  parallel  one  above  the  other,  so  that 
the  north  pole  of  the  one  lies  above  the  south  pole  of  the  other. 
In  the  region  of  the  lower  needle  the  wire  of  the  circuit  is  wound 
into  a  coil  consisting  of  an  exceedingly  large  number  of  turns,  so 
that  when  the  current  goes  through  it,  all  the  individual  turns 
tend  to  deviate  the  needle  in  the  same  direction.  The  upper 
needle  hangs  above  a  disc  divided  into  degrees,  so  that  here  the 
deviation  of  the   needle   can  be   measured   (Fig,   115).     In   the 
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galvanometer  (Fig.  116)  the  magnet  has  the  form  of  a  ring  which 
is  suspended  by  a  silk  fibre  in  the  apace  within  the  coil ;  a  small 
mirror  is  connected  with  the  ring  and  accompanies  all  the  move- 
ments of  the  latter  (Fig.  116  (9  7).  At  some  distance  from  the 
apparatus  stands  a  telescope  bearing  a  scale,  the  image  of  which 
by  carefiii  adjustment  can  be  observed  through  the  telescope  in 
the  mirror  of  the  galvanometer  (Fig.  116  7).  The  slightest 
deviation  of  the  ring-magnet  is  shown  in  the  telescope  by  a 
shifting  of  the  imajs^e  of  the  scale.  According  to  the  extent  of 
(his  shifting  the  strength  of  the  electric  current  can  be  computed, 


and  hence  empirically  the  amount  of  heating  of  the  thermo- 
electric element,  or,  better,  a  whole  series  of  thermo-electric 
elements.  Thus  the  most  delicate  changes  of  temperature  that  a 
living  tissue  undergoes  can  be  determined.  By  investigations  of 
this  kind  it  has  been  established  that  a  higher  temperature  is  pro- 
duced by  greater  activity  of  the  cells  of  a  tissue,  e.g.,  a  gland  or 
a  muscle,  than  by  less  activity  or  during  rest.  This  result  is  in 
close  accord  with  our  ideas  concerning  the  production  of  heat,  for 
the  greater  activity  of  the  cells  depends  upon  a  greater  metabolism 
in  them,  and  heat  results  from  chemical  transformations  in  the  cell. 
It  is  an  old  experience  that  one  can  warm  himself  by  vigorous 
muscular  activity. 

s  2 
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All  measurements  of  temperature,  whether  by  ihe  thermometer 
ur  the  thermo-electric  method,  serve  only  to  determine  the 
temperature  that  prevails  in  some  one  place  in  the  organism  at 
some  one  time.  They  give  no  particulars  reearding  the  quantity 
of  heat  that  the  organism  or  the  individual  tissue  produces.  But 
it  is  possible  to  determine  the  quantity  of  heat  by  investing  the 
number  of  heat-units,  or  calories,  that  the  living  body  gives  off 
U)  the  outside  in  a  certain  time.  Thus  ealorimetry  has  developed 
by  the  side  of  thermometry.     As  is  well  known,  a  calorie  is  that 
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quantity  of  heat  that  is  necessary  to  warm  one  kilogram  of  water 
from  0°  C.  to  1°  C.  In  order  to  measure  the  number  of  oalories 
that  a  living  body,  for  example  an  animal,  produces  in  a  definite 
time,  the  water-calorimeter  has  been  constructed  (Fig.  117).  This 
consists  of  a  box  having  double  walls  that  may  be  closed  upon  all 
aides.  The  space  between  tbe  two  walls  is  filled  with  water,  the 
imimal  is  placed  in  the  box,  and  the  whole  is  protected  from 
cooling  or  warming  from  the  outside  by  a  nou-conducting  covering. 
The  heat  produced  by  the  animal  is  communicated  to  the  water 
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and  raises  its  temperature ;  the  latter  can  be  read  off  upou  a 
thermometer  projecting  into  the  water.  Various  contrivances 
serve  to  reduce  the  sources  of  error  that  depend  upon  possible  loss 
of  heat.     From  the  quantity  of  water  and  the  warmiug  of  it  in  a 
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definite  time,  the  heat -product  ion  of  the  animal  can  be  determined 
with  approximate  exactnoss.  In  recent  times  the  water- 
calorimeter  has  been  replaced  by  the  air-calorimeter,  in  which  the 

cage  containing  the  animal  is  surrounded  by  a  closed  air-chamber ; 
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the  nil'  of  the  chamber  is  expanded  by  the  heat  given  off  by  the 
uiitnal.  and  from  the  amount  of  the  expansion  the  quantity  of 
hiiit  priKhictwi  may  readily  be  computed.  Partly  by  one  method 
and  partly  by  another,  Dulong,  Desprez.  Helniholtz,  RoBenthal, 
and  Rubner,  nave  determined  the  quantity  of  boat  produced  by 
the  animal  body.  Since  all  such  heat  is  derived  from  the  chemical 
energy  of  the  food  introduced  into  the  body,  and  since  all  the 
energy   of  tho   body,   in    case   the   latter  performs  no  work,  is 


tnnsfoniKil  finally  inio  beat,  the  quantity  of  dieinical  en«r^ 
that  is  iiitrxxluced  inl«i  the  btxly  with  the  food,  expressed  lo 
«]onv«.  uitist  acc<.trding  to  the  Uw  of  the  oooso'vatioD  of  eneivy 
bi-  mjual  lit  the  i)uantity  of  heat  given  off  from  the  body  to  the 
uuiside.  As  a  matter  of  bet,  in  the  experiments  this  result  has 
been  attained  with  all  desired  exactness,  and  thus  the  T^aliditr  of 
the  lav  of  the  ceosemtion  of  eo&^  fw  the  living  body  has  been 
experinkfntally  confiniMd. 
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thermal  animals  show  the  latter.  The  former  may  be  observed 
without  further  aid  only  where  it  occurs  in  large  proportions,  t.*., 
only  in  the  electric  fishes,  whose  powerful  shocks  were  known 
even  to  the  ancients.  The  history  of  the  science  of  animal 
ulectricity  is  associated  closely  with  the  discovery  of  galvanism 
and  with  the  names  of  Galvani  and  Volta.  It  is  certainly  a  note- 
worthy fact  that  the  discovery  of  the  physical  fact  of  galvanism 
required  for  its  starting-point  physiological  phenomena. 

In  September,  1786,  Aloisio  Galvani  was  making  investi- 
gations upon  the  terrace  of  his  house  in  the  ancient  university 
city  of  Bologna  on  the  influence  of  atmospheric  electricity 
upon  a  frog's  leg  from  which  the  skin  had  been  removed. 
Several  years  before  he  had  carried  on  similar  researches  with 
the  aid  of  his  wife,  Lucia,  since  early  deceased.  In  the  course 
of  his  experiments  he  stuck  a  copper  hook  through  the  frog's  spinal 
column,  which  was  still  in  connection  with  the  nerves.  When  he 
laid  this  preparation  upon  the  iron  railing  of  the  terrace  he 
noticed  to  his  astonishment  that  whenever  the  hook  touched  the 
railing,  the  frog's  leg  attached  to  it  executed  violent  contractions. 
This  simple  observation  is  said  to  have  been  the  starting-point  of 
the  discovery  of  contact  electricity,  the  inconceivable  range  of 
which  in  relation  to  civilisation  is  only  now  appreciated. 
Ales.sandro  Volta  discovered  the  explanation  of  this  phenomenon 
by  establishing  the  fact  that  in  the  contact  of  two  different  metals 
with  a  moist  conductor  an  electric  tension  arises,  which  is  equalised 
in  the  form  of  an  electric  current  as  soon  as  the  metals  are  joined 
with  one  another.  In  Galvani's  experiment  the  nerves  and 
muscles  of  the  frog  constituted  such  a  moist  conductor  between 
the  copper  hook  and  the  iron  railing  ;  the  current  went  through 
the  muscles  and  stimulated  them  so  that  they  contracted.  This 
correct  interpretation  of  Volta  was  opposed  by  Galvani,  who 
imagined  that  the  twitch  of  the  frog's  leg  might  be  caused  by 
electricity  originating  within  the  leg  itself;  but  this  error  ia 
said  to  have  led  him  fortunately  to  a  new  discovery.  In  labouring 
to  prove  to  Volta  that  the  contact  of  metals  was  not  necessary  for 
the  production  of  the  twitch,  he  endeavoured  to  bring  out  the 
twitch  without  metals ;  and  he  succeeded  in  this  by  placing  the  free 
end  of  a  freshly  prepared  nerve  of  a  frog's  leg  in  contact  with  the 
Hesh.  In  this  experiment,  as  ia  now  known,  the  nerve  is  stimulated 
by  the  electric  current  produced  in  the  muscle  itself;  and  ao 
Galvani  became  the  discoverer  of  animal  electricity,  as  previously, 
although  unwittingly,  he  had  discovered  contact  electricity. 

Pfaff,  Humboldt,  Ritter,  Nobili,  Matteucci  and  others  laboured 
in  the  further  development  of  the  science  of  animal  electricity, 
but  it  was  reserved  for  the  classic  investigations  of  du  Bois- 
Reymond  ('4i8^'S4)  to  place  this  field  of  physiology,  which  was  then 
haif-mysticalandconstitutedoneof  the  chief  supportsof  the  doctrine 
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of  vital  f'jToe,  apoo  a  clear,  exact  foandatioo  br  creatuig  fcr  the 
fint  time  sore  and  com^^heueaTe  methods  (rf"'  reseanlL  In  the 
beginning,  for  erident  reasons,  only  the  miucles  and  nenree  of  the 
frog  stfned  as  objects  of  ezperimeDt ;  bnt  soMi  da  Boss-Bej'iuuiid 
brought  into  the  tange  of  hu  rtadiea  the  interesting  jhmamat^ 
of  the  electrical  fishes.  And  nomeroas  inqnirera,  sach  as  H.  Hank, 
HennaDD,  Engebnann,  Bernstein,  and  mo«t  recently  Biedennaan 
CM),  inveHtigated  the  electrical  phenomena  t^  plants  and 
various  animal  tiasoes.  We  are  indebted  to  the  reaeaichee  of 
Hermann    for  the  key  to    an    undeistanding  of   the  eketneal 


v..  l|ii.— ^,Hliii|.l«iiiriii|(«u™t  riiTtlici^n-lurtl'mof  aKsltmleciirtmt.  Zii.ZIni ;  CV, copper 
tlia  twu  t-rtimd  liebinilir  ■  muliil  thnad.  The amiva  IndkaU  tbc dlRctkm of  Um ciumit 
B.  Hliui.luit  r-VDi  -I  h  Kdmik-  vimimt.  T^-  invtal  onjiK  <»ppn  imd  xlur)  dip  Into  ■  liquid 
...J  ._.. ..,.  _j  .  ._^..._  ._  _ 1  ..  .i...-.-!^  endn,    tm  cuireDt  goa  tn  tbe  dlnctkn  ol 


m  jolricd  tuHvthcr  If  ■  tnvUI  tX 


phi'mnairiui  of  living  substance.  But  it  is  due  indisputably  to 
the  fiindiiiiifntal  labount  rif  du  Boi»-Rcymond  that  the  science  of 
anitiiiil  ('Irxitricity  haw  become  <>n>'.  of  the  best-known  branches  of 
phvsioloKj'. 

The  HimpleHt  method  of  obtjtining  a  galvanic  current,  as  is 
well  known,  ix  that  of  Holdering  togother  iit  one  end  two  strips 
of  rlifiiniit  metalK,  e.ff.,  copper  and  zinc,  and  bringing  their  free 
ends  inU)  contact  with  a.  nioi.st  conductor,  e.^.,  a.  moist  thread 
(Fig.  I  IK,  A).  At  thtr  moment  when  the  free  ends  of  the  metals 
are  joined  by  the  conductor,  an  electric  current  begins  to 
flow  in  the  cl<wed  circuit,  piiHsiiig  from  the  zinc  though  the 
Conductor    tfi    the    eop]>er    and    from    the    copper   through   the 
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snliiered  place  back  to  the  zinc  aad  circulating  as  long  as  the 
cii-cuit  is  closed.  This  arrangeraeot  corresponds  to  Galvaiii's 
original  experiment  in  which  the  nerve  represented  the  moiat 
conductor  between  the  two  metals,  copper  and  iron.  This  principle 
for  the  production  of  a  galvanic  current  has  been  employed  in 
somewhat  more  perfect  form  in  galvanic  elements  (Fig.  118,  B), 
in  which  a  liquid  is  employed  as  the  moist  conductor,  while  the 
two  metals,  the  lower  ends  of  which  dip  into  the  vessel  containing 
the  liquid,  are  in  contact  with  one  another  at  their  upper  ends  by 
a  copper  wire  in  plaoe  of  the  soldering ;  this  has  the  advantage  of 
allowing  the  current  to  be  conducted  by  means  of  the  flexible  wire 
wherever  it  is  needed. 

Following  the  views  of  Clausius  ui>on  the  phenomena  of 
electricity  in  liquids,  Sohncke  ('^6)  has  presented  a  very  clear 
idea  of  the  origin  of  the  galvanic  current.  According  to  Clausius 
("57)  the  molecules  in  a  Hquid  are  in  constant  motion  and  con- 
stantly crowd  upon  one  another,  the  result  being  that  some  split 
into  their  constituent  atoms  while  other  atoms  unite  into  mole- 
cules. Hence  simultaneously  and  at  all  times  free  atoms  and 
whole  molecules  are  present  in  the  liquid.  But  while  the  closed 
molecule  as  a  whole  is  electrically  indifferent  (e.g.,  water,  H^O),  its 
various  kinds  of  constituent  at<ims,  when  free,  have  different  kinds 
of  electricity  (e.g..  hydrogen,  H,  positive,  oxygen,  O,  negative). 
Within  the  liquid  the  free  atoms  retain  their  charge  of  electricity. 
If  they  come  m  contact  with  atoms  charged  similarly  they  break 
away  from  them ;  if  they  meet  those  charged  dissimilarly,  they 
remain  no  longer  free  but  unite  with  the  latter  chemically  into  a 
molecule  which  is  electrically  indifferent.  But  the  situation  is 
changed  when  there  is  introduced  into  the  liquid  a  metal  plate 
that  exercises  upon  One  kind  of  the  free  atoms  a  chemical 
attr.iction.  These  atoms  then  accumulate  on  the  surface  of  the 
metal,  which  is  non-electric  and  a  conductor,  and  give  off  their 
electric  tension  to  it  by  conduction. 

If,  therefore,  into  a  vessel  containing  acidiiied  water  a  zinc  plate 
be  dipped,  free  atoms  of  oxygen  accumulate  upon  its  surface  and 
give  off  their  negative  electricity  to  it ;  in  other  words,  it  becomes 
negatively  charged.  If  at  the  same  time  a  copper  plate  be  dipped 
into  the  liquid,  atoms  of  hydrogen  collect  upon  it  and  give  to 
it  their  positive  charge.  There  arises,  therefore,  an  electric  tension 
between  the  two  metals ;  if  now  the  free  ends  of  the  copper  and 
the  zinc  plates  be  joined  by  a  metallic  conductor,  this  tension  is 
able  to  equalise  itself.  During  this  process,  however,  new  atoms 
become  attracted  to  the  place  of  contact  of  the  metals  with  the 
liquid  and  become  chemically  united ;  thus  the  tension  becomes 
continually  re-established,  and  in  this  way  a  continual  galvanic 
current  is  pjoduced. 

As  is  known  from  the  researches  of  electro-f' 
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since  the  brilliant  work  of  Arrhenius  led  to  the  great  de- 
velopment of  this  science,  in  all  chemical  processes  a  disturbance 
of  electric  equilibrium  takes  place.  In  every  chemical  decom- 
position positively  and  negatively  electric  atoms  or  groups  of 
atoms  appear.  If  similar  chemical  processes  take  place  at  all 
points  of  a  physical  system  and  to  the  same  extent,  no  current 
can  be  led  off  from  it,  for  no  tension  exists  between  the  leading- 
off  points,  because  both  positive  and  negative  groups  of  atoms 
arise  in  equal  quantity  (Fig.  119,  i).  But  if  in  the  system,  such 
as  a  liquid  mass,  different  kinds  of  chemical  transformations, 
spatially  separated,  go  on,  so  that  there  appear  at  one  point 
a  larger  number  of  groups  of  atoms  positively  charged,  and  at 
another  point  a  larger  number  negatively  charged,  an  electric 
tension  develops  between  these  two  points ;  and,  so  long  as  the 
processes  contmue,  a  galvanic  current  can  be  led  off  from  the 


// 


Pio.  119.— Schematic.    /.  A  drop  of  liquid  in  which  the  chemical  processes  are  alike  at  all  pointn 
.  is  without  a  current.    //.  A  drop  of  liquid  in  which  at  two  different  points  chemical  pro- 
cesses of  different  kinds  occur  fives  a  current.    The  large  circle  is  the  drop  of  liquid,  the 
small  one  the  multiplier  with  the  magnetic  needle  ;  the  two  are  united  by  wires. 

points  to  the  outside  (Fig.  119, 11).  The  conditions  under  which 
a  galvanic  current  can  appear  may  be  expressed,  therefore, 
as  follows  :  A  current  can  be  led  off  to  the  outside  from  a  physical 
system  when  chemical  processes  take  place  in  it  that  produce 
differences  in  the  electric  charge  at  the  two  leading-off  points. 

This  proposition  is  valid  for  living  as  well  as  for  lifeless 
substance.  The  living  substance  of  a  cell  is  a  drop  of  liquid 
in  which  complex  chemical  transformations  continually  take  place. 
If  these  be  alike  at  all  points  of  the  cell,  no  current  can  be  led 
off  (Fig.  120,  i);  if,  however,  they  be  qualitatively  or  quanti- 
tatively different  at  two  different  poles,  so  that  differences  in  the 
electric  charge  appear,  a  tension  between  the  two  poles  results ; 
and  if  these  could  be  joined  together  by  a  conductor,  a  cuiTent 
would  be  obtained  in  the  closed  circuit.  Naturally,  this  experi- 
ment cannot  be  performed  upon  a  single  cell  on  account  of  the 
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rainuteiit-sM  of  the  latter,  but  the  rule  must  hold  good  as  wi-ll 
for  the  cell-complex,  the  tissue.  As  a  matter  of  fact  it  may  be 
demoDBtrated  in  the  latter,  and  Herman's  "  differential  theoiy  " 
('67 — '68X  accordmg  to  which  a  current  may  be  led  off  from  a 
tissue  (muscle,  nerve,  mucous  membrane,  etc)  only  when  differ- 
ent processes  are  taking  place  at  the  leading-off  points,  is  merely 
the  expression  of  the  actual  relations.  In  a  resting  uninjured 
muscle,  e.g.,  the  sartorius  of  the  frog,  which  is  the  best  object  for 
demonstrating  the  truth  of  this,  no  current  is  present,  because 
the  same  internal  processes  are  taking  place  at  every  point 
(Fig.  121).  If,  however,  at  two  points  in  the  muscle  a  difference 
te  produced  artificially  by  warming  one  point,  by  cutting  the 
muscle  across,  which  is  associated  with  a  local  decomposition  of 
living  BubstancG:  or  by  making  a  contraction-wave  pass  over  the 
nmscle,  an  electric  current  is  obtained;  the  wanned,  dying  or 
contracting  part  becomes  negative  to  all  other  parts.      Tissues 


whose  cells  do  not  possess  polar  differentiation  never  show  a 
current  in  the  undisturbed  condition,  but  relatively  strong 
currents  can  be  led  off  always  from  glands  and  mucous  membranes, 
even  when  undisturbed ;  here  the  cells  are  polarised  in  such  a 
manner  that  the  lower  part  of  the  cylindrical  cell-body  contains 
different  substances  ana  transfoniiations  of  substances  h-oni  the 
upi>er  part  (Fig,  120,7/),  The  fact  discovered  by  Mendelssohn 
is  mteresting,  that  an  excised  nerve,  when  led  off  from  both  cross- 
sections,  shows  an  axial  current  which  runs  in  a  direction  contrary 
to  the  nerve -conduction,  i.e.,  in  motor  nerves  centri  petal  ly,  in 
sensory  nerves  centrifugal  ly. 

All  such  currents  may  be  demonstrated,  like  those  arising  ther- 
mometrically,  by  means  of  the  multiplier  or  the  galvanometer 
(Figs.  115  and  116,  p.  259).  But  a  special  arrangement  of  the 
leading-off  electrodes  is  necessary  to  avoid  false  results.  If  a 
current  be  allowed  to  pass  for  a  time  throuirb  a  wire,  the  ends  of 
which   dip   into   a   moist   conductor,   ele  -n- 
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products  of  the  moist  conductor  appear  at  the  two  ends  of  the 
wire,  the  electrodes,  and  accumulate  there.  The  precipitation  of 
these  products  at  the  two  poles  produces  an  electric  tension  that 
leads  to  a  current,  the  so-called  poIuriscUion-airrent,  flowing  in  a 
direction  contrary  to  the  original  one.  It  is  evident  that  the 
stronger  the  polarisation-current  becomes,  the  more  must  the 
intensity  of  the  original  current  be  thereby  diminished.  If, 
therefore,  a  current  be  led  off  fix)m  a  living  tissue  by  means  of 
metallic  electrodes,  after  a  short  time  a  polarisation-current 
appears  that  completely  obliterates  the  tissue-current.     In  order 

to  avoid  this  inconvenience,  so-called 
non^olarisahle  electrodes  have  been  con- 
structed, which  consist  of  non-metallic 
conductors.  The  most  convenient  of 
these  non-polarisable  electrodes  are  the 
brush  electrodes  suggested  by  Fleischl, 
which  consist  of  a  glass  tube  closed  at 
one  end  by  a  stopper  of  plastic  clay, 
and  filled  with  a  concentrated  solution 
of  sulphate  of  zinc.  A  short,  soft, 
pointed  camel's-hair  brush  is  stuck  into 
the  stopper,  and  into  the  solution  of 
zinc  sulphate  there  is  dipped  an  amal- 
gamated zinc  rod,  to  which  the  wore  is 
fastened  (Fig.  122).  The  brushes  of  two 
such  electrodes,  each  of  which  is  attached 
to  a  movable  stand,  are  laid  upon  the 
living  tissue.  Experience  has  shown 
that  m  this  manner  the  disturbing  pheno- 
mena of  polarisation  are  avoided. 

In  the  electrical  phenomena  of  most 
animal-  and  all  plant-tissues  the  currents 
are  alwaj-s  so  feeble  that  especially  sensi- 
tive apparatus  is  necessary  for  their  de- 
monstration ;  but  in  the  interesting  elec- 
trical fishes  there  are  currents  of  extraordinarj-  strength,  although 
the  well-known  tale  of  Alexander  von  Humboldt,  that  the  South 
American  electric  eel  is  able  to  stun  horses  by  its  shocks  must 
rest  upon  an  error.  In  contrast  to  the  currents  of  other  tissues, 
those  of  the  electric  fishes  are  characterised  chiefly  by  their  short 
duration  and  great  intensity  ;  they  appear  as  brief,  strong  electric 
shocks,  which  can  be  given  off  by  the  animal  several  times  in 
.*<uccession,  either  spontaneously  or  upon  stimulation.  This  is 
comprthensible  when  it  is  considered  that  the  production  of 
olectricitv  in  these  animals  senes  as  a  means  of  defence,  which 
has  become  differentiated  to  this  great  efliciency  during  the 
ivolution   of  the    race.      In   accordance   with    this   fact   special 


Fig.  121.— Schematic  Sartoritu 
muscle  of  the  frog.  At  the  two 
ends  are  the  bony  attachments. 
/.  When  uninjuredand  at  rest,  it 
is  without  a  current.  U.  When 
injured  (cut  acroasX  it  shows  a 
current,  the  injured  place  being 
ne^pi^Te.  ///.  When  active  (a 
contraction  ware  is  passing  from 
the  light  through  the  musclel  it 
shows  a  current ;  the  active  place 
is  negative. 


ELEMENTARY  VITAL  PHENOMENA 

r  organs  are  developed   in   the   electric   fishes  for  the  production 
[  of  electricity   alone.      It  is  most  interesting  that  these  electric 


iD-I»]u1uble  electrods  in 


■  .organs  have  the  same  embryonic  origin  as  crosa-striated  muscles, 
I  to  which  also  in  their  adult  state  they  possess  great  siniilarily. 


^g^ 


9.         T  ^iVd  inmora  ho  tk  a  IspnnliUly  FUtKWtyid  llut  thg  cleclrlo  OTB&n,  a,  la 

(After  RniitUr.}    II.  Twu  vtcrlrtc  cnluiiiiKi  fn>ui  the  lerpoila  loen  «■  jJm  with  the  olertrjc 
■M  bnuichlna  trrar  them.    (After  R.  Wapior,) 

The   electric   organ   of  the  torpedo    is   composed   of  numerous 
l^long   column!^,   hexagonal   in   cross-section,  which   correspond  to 
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muscle-fibrea  (Fig.  123),  Each  of  these  columns  is  comjKised  of 
transverse  discs  lying  symmetrically  ujmn  one  another  (Fig.  124,  A) ; 
these  are  exactly  homologous  with  the  croaa-striation  of  the  nmsole- 
fibre,  but  do  not  possess  doubly  refracting  elements,  and  do  not 
undergo  changes  of  form  during  activity.  Still  greater  ia  the 
correspondence  in  structure  of  the  electric  columns  and  cross- 
striated  muscle  in  the  half-electric  or  pseudo- electric  fishes,  e.g.. 
Raja  clavata  (Fig.  124,  B).  A  very  interesting  and  obvious  change 


'/•nutuilia  rtrclrlcui.  (AfUr  Schullie.}  Jl.  1.  ColuniDa  (roni 
rtauata,  II.  n  andb,  SinglQ  BsgmeuCanf  i.  mDnstroD^y 
iiT  light,  the  right  half  Id  poUdicd  U^t.    (Altsr  Siigd- 


of  fiinction  is  here  presented,  For  the  electric  organs  develop  out 
of  genuine,  contractile,  cross-Striated  mnscle-fibres ;  and,  as  contrac- 
tility is  lost,  the  electric  properties  come  into  greater  prominence. 
The  similarity  with  the  muscle  is  also  evident  during  the  activity 
of  the  completely-developed  organ ;  for  just  as  the  muscle  in  a 
single  twitch  gives  only  a  brief  current,  so  in  the  electric  organ 
the  current  is  inomentar)-,  although  of  incomparably  greater 
strength. 
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The  above  picture  of  the  transformation  of  energy  in  living 
substance  is  as  incomplete  as  was  that  of  metabolism.  As  in  the 
latter,  so  in  the  former,  only  the  beginning-  and  the  end- 
eomponents  of  the  series  are  known.  Ener^  enters  the  living 
body  as  chemical  energj',  light  and  heat.  Light  and  heat  are 
consumed  in  providing  more  chemical  energy — light  in  splitting 
up  in  plants  carbonic  acid,  which  has  in  itself  very  slight  value  in 
respect  to  energj',  into  atoms  of  carbon  and  oxygen  possessing  free 
affinities,  beat  in  causing  a  re -arrangement  in  the  labile  compounds 
of  living  substance  by  an  increase  in  intensity  of  the  intramolecular 
vibrations.  Chemical  energy  is,  therefore,  the  source  of  all  other 
forms  of  energy  in  the  organism ;  by  its  transformation  there  are 
derived  mechanical  energy,  light,  heat,  and  electricity.  In  the 
Bame  proportion  in  which  these  are  given  out  by  the  organism, 
chemical  energy  disappears.  Hence  the  end-products  of  life, 
carbonic  acid,  water,  ammonia,  etc.,  possess  extremely  little 
chemical  energj- ;  into  such  the  introduction  of  new  energy  from 
the  outside,  in  both  light  and  chemical  substances,  is  necessarj', 
in  order  to  make  available  in  the  plant  new  potential  energj-  in 
the  form  of  free  affinities.  These  are  the  beginning  and  the  end 
of  the  series.  But  what  in  detail  are  the  complex  transformations 
in  the  living  body,  what  forms  of  energy  in  each  special  case 
proceed  directly  from  the  introduced  energy,  what  intermediate 
ant!  retrograde  changes  the  chemical  energy  passes  through,  until 
it  leaves  the  body  again  in  the  form  of  mechanical  movement, 
light,  heat  and  electncitj' — these  are  subjects  that  in  great  part 
Are  still  obscure.  More  light  may  be  expected  here  with  the 
advance  of  knowledge  regarding  the  more  special  metabolic 
processes,  for  the  transformation  of  energy  cannot  be  separated 
from  metaboliara. 

For  convenience,  in  this  chapter,  the  phenomena  of  changes  of 
substance,  of  form,  and  of  energy  have  been  considered  separately. 
In  realitj',  these  three  groups  cannot  be  separated  from  one  another, 
for  the  possession  of  form  and  energy  belongs  to  the  essence  of 
substance.  Every  change  of  substance  ia  at  the  same  time  a 
change  of  form  and  energy.  This  is  inherent  in  the  nature  of  our 
conception  of  matter,  and  applies  to  living  as  well  as  lifeless  matter. 
What  has  been  treated  separately  under  these  three  heads  is  one 
and  the  same  event  merely  look«i  at  from  different  points  of  view. 
In  brief;  All  vital  phenomena  of  a  hodif  are  the  ca^ession  of  a 
■coiUinwil  change,  of  the  distance  of  which  it  consists. 


CHAPTER  IV 

THE  GENERAL  CONDITIONS  OF  UFE 

The  living  substance  of  organisms  forms  a  part  of  the  mass  of 
matter  that  composes  the  eartk  As  has  been  seen,  the  differences 
between  it  and  lifeless  substances  are  not  fundamental  in  nature, 
for  the  elements  that  constitute  the  former  constitute  also  the 
latter.  The  differences  between  organic  and  inorganic  substance 
are  no  greater  than  the  differences  between  many  inorganic  sub- 
stances, and  consist  merely  in  the  mode  of  union  of  the  elements. 
It  is  important  to  &miliarise  ourselves  with  the  thought  of  living 
substance,  not  as  something  mystical,  which  has  no  connection  with 
and  stands  in  contrast  to  all  other  substance,  but  as  a  part  of 
the  matter  that  constitutes  the  earth  s  crust.  It  is  evident  that 
life  is  conditioned  wholly  by  the  character  of  the  environment,  that 
the  evolution  of  living  substance  must  be  inseparably  connected 
with  the  evolution  of  the  earth.  Accordingly,  the  composition  and 
the  form  of  the  living  substance  that  now  covers  the  earth  s  surface 
are  to  be  considered  from  exactly  the  same  point  of  view  as,  for 
example,  the  composition  of  the  present  sea,  i.e.,  as  something  that 
has  gradually  become,  and  exists  in  its  present  state  only  because 
the  conditions  are  such  as  thev  are  at  the  moment.  Just  as  the  sea 
with  its  salt  could  not  have  existed  as  it  does  now  before  the  water 
had  appeared  upon  the  earth  in  a  liquid  state,  so  also  living  sub- 
stance could  not  then  exist  with  its  present  composition,  for  it 
contains  upon  an  average  more  than  fifty  per  cent,  of  water.  But 
just  as  water  teas  Migtd  to  assume  its  present  form  when  certain 
conditions  in  the  earth's  evolution  were  fulfilled,  so  living  substance 
was  Miged  gradually  to  take  on  its  present  character  to  the  extent 
to  which  the  present  conditions  of  the  earth's  surface  were  per- 
fected. The  separation  of  living  substance  out  of  the  mixture  of 
materials  of  the  earths  crust  is  only  one  result  of  the  earth's 
i  vulution,  like  the  separation  of  rocks,  salts,  or  water. 

The  same  idea  is  arrived  at  from  another  start ing-p>int,  when. 
not  theelementar}'  composition,  but  the  vital  phenomena  of  living 
>!il»<tance  are  considered.     It  is  an  error  easilv  conceived  and  due 


THE  GENERAL  CONDITIONS  OF  LIFE  273 

to  superficial  impressions  to  consider  the  organism  as  a  closed 
system,  independent  of  its  environment.  The  fact  of  metabolism 
shows  this  at  once  ;  for,  if  the  organism  lives  only  so  long  as  it  takes 
in  matter  from  the  outside  and  gives  oflF  matter  to  the  outside,  it 
stands  in  the  closest  dependence  upon  the  external  world ;  the  latter 
conditions  its  life. 

Thus  arises  the  conception  of  conditions  of  life,  ^.e.,  conditions 
that  must  be  fulfilled  in  order  that  the  life  of  the  organism  can 
exist.  It  is  evident  that  every  change  of  such  conditions  must 
exercise  an  influence  upon  the  life  of  the  organism.  Hence,  in 
order  to  complete  a  picture  of  the  mutual  relations  of  the  organic 
world  and  its  conditions,  it  is  necessary  not  only  to  investigate  the 
latter  as  they  are  now,  but,  so  far  as  possible,  as  they  were  in  the 
earlier  periods  of  the  earths  evolution.  A  few  fixed  points 
may  thus  be  obtained  for  the  consideration  of  the  question  of  the 
origin,  the  descent  and  the  evolution  of  life  upon  the  earth. 


I.    The  Present  Conditions  of  Life  upon  the  Earth's 

Surface 

All  the  conditions  of  life  are  not  equally  necessary  for  all 
organisms  living  at  the  present  time.  What  is  absolutely  necessary 
for  the  existence  of  one  organism  may  even  endanger  the  life  of 
another.  Marine  animals  when  brought  into  fresh  water  soon  die, 
and  fresh-water  animals  placed  in  sea-water  experience  the  same 
fate.  This  principle  holds  good  not  only  for  large  groups  of 
organisms  but  for  every  individual  form  as  well.  Every  individual 
organism  requires  for  its  existence  definite  special  conditions, 
without  the  fulfilment  of  which  it  cannot  continue  to  live.  These 
special  conditions  of  life  are  as  manifold  as  the  innumerable  forms 
of  organisms  themselves.  To  describe  them  is  to  describe  the 
natural  history  of  every  organism,  and  their  investigation  belongs 
to  the  field  of  special  physiology.  But  in  contrast  to  them  there 
are  other  requirements  that  must  be  fulfilled  for  all  organisms  if 
the  latter  are  to  live,  and  these  must,  therefore,  be  termed  general 
conditions  of  life.  General  physiology  deals  with  the  latter.  In  the 
following  pages  we  shall  be  able  to  glance  at  the  special  conditions 
only  momentarily,  when  they  are  of  particular  interest  and  present 
peculiar  adaptations  of  living  substance  to  peculiar  circumstances. 

It  is  usual  to  consider  under  conditions  of  life  only  external 
factors,  such  as  food,  water,  oxygen,  temperature,  etc.  But  in 
contrast  to  these  external  conditions  there  are  internal  con- 
ditioTis,  which  are  inherent  in  the  composition  of  the  organism, 
and  the  absence  of  which,  like  that  of  the  external  factors,  is 
followed  bv  death. 
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A.      THE   GENERAL  EXTERNAL  CONDITIONS   OF   LIFE 

1.  Food 

The  presence  of  food  is  required  by  the  fact  of  metabolism.  If 
living  substance  is  continually  undergoing  spontaneous  destruction, 
then,  in  order  that  it  may  continue  to  live,  a  stream  of  substances 
must  come  into  it  from  the  outside,  which  comprise  all  those 
chemical  elements  that  are  necessary  to  its  construction.  Such 
chemical  substances  constitute  food.  Accordingly,  water  and 
oxygen  belong  to  the  general  conception  of  food ;  it  is  not  customary, 
however,  to  include  them  therein.  Following  the  usage,  we  shall 
consider  them  separately,  and  shall  take  up,  first,  food  in  the 
more  special  sense. 

The  twelve  organic  elements  of  which  all  living  substance  is 
composed  (p.  100)  must  come  into  the  body  of  the  organism  in 
some  form  as  food.  In  this  lies  the  general  significance  of  food. 
But  the  chemical  compounds  in  which  these  elements  are  intro- 
duced into  the  body  are  as  manifold  for  the  various  forms  of 
organisms  as  the  organisms  themselves.  A  general  food  for  all 
organisms  does  not  exist;  and  it  has  already  been  seen^  that 
according  to  the  kind  of  food-stuffs  and  the  manner  in  which  living 
substance  is  constructed  from  them,  organisms  may  be  divided  into 
several  large  groups,  such  as  green  plants,  fungi  and  animals.  While 
the  green  plants  are  able  to  construct  their  living  substance  out  of 
inorganic  material  only,  carbonic  acid  and  solutions  of  various  salts, 
animals  without  exception  require  organic  food,  and  cannot  live 
without  complex  organic  compounds,  such  as  proteid,  carbohydrate, 
fat,  etc.  The  fungi  stand  in  a  certain  measure  between  these 
two  groups,  since  they  can  supply  their  need  of  nitrogen  from 
inorganic  salts,  although  they  require  organic  compounds  for  their 
carbon.  An  exception  to  this  condition  is  shown  by  the  interesting 
nitrogen-bacteria  only,  which  derive  both  their  nitrogen  and  carbon 
from  ammonium  carbonate,  and  thus  like  the  green  plants  live 
exclusively  upon  inorganic  food-stuffs.  But,  however  in  individual 
cases  food  may  be  procured,  without  food  of  some  kind  no  living 
body  can  continue  to  live. 

Regarding  quantitative  conditions  of  food,  the  maximum  and 
the  minimum  of  food  that  the  living  body  requires,  which  is 
different  for  every  form  of  organism,  only  a  few  special  cases  have 
been  investigated  thus  far,  and  these  are  among  the  higher 
vertebrates  exclusively.  These  are  questions  that  still  require 
detailed  answer,  and,  if  treated  from  the  cell-physiological  stand- 
point, are  capable  of  yielding  results  equally  important  theoretic- 
ally and  practically.     Thus   far  individual  values  for   the    whole 

1  Cf,  p.  138. 
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organism  have  been  obtained  in  the  case  of  men  only.     Voit  ('81) 

has  shown  that  an  adult  man  performing  active  work  can  subsist 

upon  a  daily  food  comprismg  118  grs.  of  proteid,  56  grs.  of  fat  and  /^/^^-^ 

500   grs.   of    carbohydrate.     With  -  such   a   diet    the   man   is  in  /  ^    y^ 

metabolic  equilibrium,  i.e.,  the  quantities  of  elements  excreted  in        ^ 

the  urine,  the  sweat,  the  expired  air,  and  the  faeces  are  equal  to/ ^^  ^^ 

those  that  are  introduced  with  the  food.     But,  more  specifically, 

these  values  for  the  individual  elements,  such  as  nitrogen,  carbon, 

etc.,  introduced  with  the  food  must  be  determined  separately,  since 

the  body  when,  e.g.,  in  carbon  equilibrium  is  not  necessarily  always 

in    nitrogen    equilibrium.       It     is     thus     found    that     nitrogen 

equilibrium  can  be  obtained  with  a  quantity  of  proteid  of  only  50 

grs.  (which  corresponds  to  7*5  grs.  of  nitrogen),  provided  only  that 

the  quantity  of  the  non-nitrogenous  food-stuflfs,  carbohydrates  and 

fats,   is    correspondingly   increased.     7*5    grs.,    therefore,    would 

correspond  to  the  daily  minimum  of  nitrogen  with  which  a  man 

can  continue  to  exist. 

The  minimum  of  food  necessary  to  the  maintenance  of  metai- 
bolic  equilibrium  and  life  is  of  great  importance.  If  the  income 
of  food  rises  above  the  minimum,  metabolic  equilibrium  is 
disturbed  only  in  a  very  slight  degree,  slightly  smaller  quantities 
of  elements  appearing  in  the  excreta  than  are  taken  in  with  the 
food.  These  very  small  quantities  remain  in  the  body  and  serve 
for  the  increase  of  living  substance  and  the  storing  up  of  reserve - 
substances,  a  phenomenon  that  in  husbandry  is  termed  faitening. 
But  this  depends  upon  many  factors,  which  are  as  yet  known 
exactly  only  in  part.  If,  on  the  other  hand,  the  quantity  of  food 
falls  below  the  minimum  or  becomes  zero,  the  condition  of  hunger 
or  inanition  appears,  in  which  the  metabolic  equilibrium  becomes 
more  and  more  disturbed.  This  condition  has  been  investigated 
more  fully. 

It  is  worth  while  to  follow  somewhat  fully  the  changes 
experienced  by  the  living  organism  in  the  condition  of  inanition. 
Every  living  cell  under  normal  conditions  possesses  within  itself  in 
greater  or  less  quantity  substances  at  whose  expense  the  vital  pro- 
cess continues  for  a  time  if  the  food-supply  be  cut  oflF.  These  are 
its  reserve-substances.  It  is  a  general  fact  that  during  inanition  the 
reserve-substances  disappear  first.  Plant-cells  that  are  filled  with 
starch  grains  consume  these  when  they  are  brought  into  the  dark, 
i.e.,  when  they  are  forced  to  hunger,  for  in  the  dark  no  assimilation 
of  starch  from  carbonic  acid  and  water,  in  other  words,  no  nutri- 
tion, takes  place.  Infusoria,  whose  cell-bodies  in  their  infusions, 
where  they  revel  in  a  superfluity  of  food,  contain  all  sorts  of 
particles,  and  hence  appear  opaque  and  granular,  become  clear, 
transparent  and  free  from  granules,  when  placed  in  water 
containing  little  food-stuflF;  their  cell-bodies  become  gradually 
smaller  (Fig.  125).     The  cell,  therefore,  does  not  die  immediately 
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at  the  moment  of  the  withdrawal  of  food,  but  lives  for  some  time 
at  the  expense  of  the  materials  of  its  own  cell-body.  If  these  be 
consumed,  it  gradually  perishes,  just  as  a  clock  that  is  not  wound 
up  gradually  runs  down  and  then  atojjs.  The  phenomena  of 
inanition  have  been  studied  most  carefully  in  compound  multi- 
cellular organisms,  especially  vertebrates,  and  an  important  task  in 
this  field  is  left  for  cell-physiological  investigation. 

Since  it  is  a  eharacteristic  peculiarity  of  living  substance  that  it 
is  continually  undergoing  spontaneous  decomposition,  it  is  clear 
that  in  fasting  animals  metabolic  equilibrium  must  be  disturbed. 
In  the  decomposition-produets  of  living  substance,  nitrogen, 
carbon,  hydrogen,  oxygen,  etc.,  are  continually  being  excreted. 
while  there  is  no  new  income.  The  result  is  that,  as  in  the 
individual  cell  so  in  the  multicellular  organism,  the  living 
substance  is  gradualij'  consumed  and  the 
organism  decreases  in  weight.  The 
animal  lives  for  some  time  upon  its  own 
tissues.  It  is,  therefore,  conceivable  that 
as  regards  their  excreta  fasting  herbivora 
are  like  camivora.  The  urine  of  herbiv- 
ora, which  during  normal  nutrition  is 
alkaline  and  turbid,  becomes  during 
inanition  acid  and  clear  like  that  of 
camivora ;  for  during  inanition  herbivora 
live  upon  their  own,  that  is,  upon  animal 
ciitote-infiHortan  cell,  n,  In  the  tissuc,  and  hcucc  lu  a  Certain  degree 
dS'™'i?Si™'!''"The'S  b^onie  carnivorous.  The  Hving  sub- 
body  lm  become  umiiier  and     stance  gradually  consumes  itself,   until 

more  transpHrent,  and  Oie  mail-       ,i       i      ■  ■    ■  r   i  i 

uie*  111  the  iiiiorior  imie  diaep.  the  body-weight  has  undergone  so  great 
SS^i'no,*'tAi^*ihleJ?iiM^M  ^  loss  that  tne  animal  dies.  By  many 
uid  drawing,  by  JeiiKn.)  experiments    Chossat   ('43)   established 

this  limit  of  decrease  of  weight,  and  found 
that  with  widely  different  animals  death  appears  when  the  loss  of 
weight  has  reached  approximately  04  of  the  whole  body-weight. 
This  limit  is  reached  by  different  animals  at  very  different 
times.  Frogs  live  longer  than  a  year,  and  Proteus  anguituiis,  a 
peculiar  amphibian  of  the  Adelsberg  grotto,  lives  several  years 
without  food.  Man  dies  in  a  relatively  short  time.  In  earlier 
times  opportunities  for  investigating  human  beings  who  were 
fasting  tor  a  long  time  were  rare,  and  the  early  results  are  to  be 
acceptetl  with  caution.  Thus,  in  the  year  1831  in  Toulouse  a 
convict,  who  would  take  only  water,  is  said  to  have  died  only  after 
sixty-three  days.  In  later  times,  with  the  appearance  of  the 
pi-ufessional  faster  phreiologists  have  had  more  frequent  opi>ortuniti 
for  making  exact  investigations  on  fasting  men.  Luciani  {'90) 
has  ]iro(luced  a  striking  monograph  upon  fasting,  based  upon 
iinestigiitions  of  the  well-known  Succi,  who  undertook  a  thirty 
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(lays'  fast  under  his  charge.  By  this  case  it  is  proved  beyond 
doubt  that  under  favourable  conditions  a  normal  man  can  exist  at 
least  thirty  days  without  food. 

The  different  tissues  partake  in  the  loss  of  weight  of  the  body 
in  very  different  degrees.  While  the  cells  of  many  tissues  become 
affected  greatly  and  very  rapidly,  those  of  others  experience  only 
slight  changes.  This  is  shown  by  the  following  experiment  of 
Chossat.  Two  pigeons  of  the  same  brood,  and  of  like  size,  sex,  and 
weight,  are  employed.  One  is  killed  at  once,  and  its  individual 
tissues  are  weighed.  The  other  is  allowed  to  fast  until  it  dies, 
and  then  its  tissues  are  likewise  weighed.  In  this  manner  what- 
ever changes  of  weight  that  the  individual  tissues  have  experienced 
during  inanition  are  determined.  It  is  thus  found  that  fat-tissue 
has  lost  approximately  93  per  cent,  of  its  weight,  the  tissue  of  the 
spleen,  the  pancreas  and  the  liver  71 — 62  per  cent.,  that  of  the 
muscles  45 — 34  per  cent.,  that  of  the  skin,  the  kidneys  and  the 
lungs  33 — 22  per  cent.,  that  of  the  bones  17  per  cent.,  and  that  of 
the  nervous  system  only  about  2  per  cent.  Fat-tissue  is,  there- 
fore, the  most  affected,  the  nervous  system  the  least.  Of  course 
this  difference  in  the  increase  in  weight  of  the  individual  kinds  of 
tissues  or  cells  is  not  to  be  regarded  as  depending  solely  upon  a 
different  rate  of  decrease  on  the  part  of  each  kind  of  cell  by  the 
cessation  of  the  income  of  food-stuffs.  Luciani,  rather,  holds 
rightly  the  view  that  another  factor  in  addition  plays  a  rdlCy  viz., 
that  among  the  different  tissue-cells  a  contest  over  the  food  takes 
place,  such  that  some  cells  seize  upon  the  reserve-substances 
present  in  the  body  more  greedily  than  others,  and,  after  their 
consumption,  appropriate  also  the  material  of  the  other  cells  in 
order  to  maintain  their  metabolism.  This  is  indicated  at  least  by 
an  interesting  observation  of  Miescher-Rusch  ('80).  When  salmon 
migrate  from  the  sea  up  the  Rhine  they  are  strong,  muscular 
animals  in  good  nutritive  condition.  During  their  stay  of  six  to 
nine  months  in  the  river  they  fast.  Their  muscles,  especially 
those  of  the  back,  decrease  enormously  in  volume,  while  the  sexual 
organs  develop  extraordinarily.  Here,  therefore,  a  struggle  for 
existence  between  the  tissue-elements  of  the  sexual  organs  and 
those  of  the  muscles  takes  place,  in  which  the  former  prove 
superior  and  appropriate  the  substance  of  the  latter  for  their  own 
needs.  Likewise  between  other  tissue-elements  in  other  animals 
in  the  condition  of  inanition,  a  struggle  for  existence  takes  place, 
although  not  in  so  remarkable  a  manner  as  in  the  salmon.  The 
final  result  of  all  fasting  is  always  death.  The  clock  finally 
runs  down  if  it  is  not  wound  up. 

The  assertion  that  death  is  the  ultimate  outcome  of  fasting 
requires  a  certain  correction.  It  is  true  of  organisms  only  so  long 
as  they  continue  in  the  condition  of  actual  life.  Organisms  in  the 
state  of  latent  life,  such  as  dried  Botifera,  Tardigrada,  spores  of 
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bacteria,  and  seed-grains,  require  no  food ;  for,  as  has  been  seen,' 
DO  metabolism  can  be  found  in  them  even  with  the  most 
delicate  means  of  investigation.  Hence,  when  food  is  wanting  in 
their  environment,  they  do  not  die.  Here  the  clock  has  merely 
stopped,  it  has  not  run  down. 

In  order,  finally,  to  obtain  an  idea  of  the  far-reaching  adapta- 
tions of  individual  oi^anisme  to  special  vital  conditions  of  a  verj' 
unusual  kind,  so  &r  as  they  have  to  do  with  food,  it  is  necessary 
only  to  glance  at  the  peculiar  vital 
relations  of  certain  forms  of  Bacteria, 
which  have  become  known  recently, 
especially  through  the  Striking  work 
of  Winogradsky  ("88). 

The  stilphur-hacUrin  (Beggiatoa) 
constitute  a  family  of  microbes  that 
live  in  deca>-iiig  [xmls  aud  puddles 
of  both  fresh  and  salt  water.  These 
remarkable  beings,  which  swarm  about 
in  the  water  in  the  form  of  short  rods 
or  long  threads  (Fig.  126),  can  esist 
only  when  considerable  quantities  of 
sulphuretted  hydrogen  are  available. 
Their  metabolism  requires  this  gas, 
since  they  manufacture  from  it,  by 
oxidation,  free  sulphur,  which  they 
store  up  in  their  tiny  cell-bodies  in 
the  form  of  fine,  strongly  refracting 
granules  (Fig.  126) ;  by  continued 
oxidation  they  transform  the  sidphur 
further  into  sulphuric  acid,  and  in  this 
form  excrete  it  to  the  outside.  If  the 
sulphur-bacteria  be  brought  into 
spnng-water  that  contains  no  sul- 
phuretted hydrogen,  they  perish  after 
they  have  oxidised  and  excreted  the 
sulphur  present  in  their  bodies. 
Sulphuretted  hydrogen,  a  gas  that  is  poisonous  to  most  organisms, 
belongs,  therefore,  among  their  essential  conditions  of  life.  Without 
it  they  cannot  continue  to  exist. 

Winogradsky  ('88)  has  pointed  out  a  similar  special  adapta- 
tion to  peculiar  vital  conditions  in  the  iron-bade i-ia.  Bog  iron- 
nri-  moors  are  very  generally  known,  occurring  wide-spread  in 
iiiiii-shy  regions,  with  an  oily,  iridescent  scum  upon  the  surface  of 
tlieir  water  and  thick,  reddish-yellow  mud  below.  These  are  the 
allele  of  the  iron -bacteria,  and  the  production  of  bog-ore  is  in 
'  C/.  p.  132. 
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part  their  life-work.  They  require  for  their  metabolism  ferrous 
carbonate,  which  is  dissolved  in  the  water.  They  absorb  this  and 
oxidise  it  into  ferric  carbonate,  which  they  give  off  to  the 
outside.  The  excreted  ferric  carbonate  in  time  passes  over 
into  simple  ferric  oxide,  which  is  insoluble,  and  forms  a  yellowish- 
brown  precipitate  upon  the  gelatinous  covering  excreted  by  the 
bacteria,  in  which  their  bodies  lie.  If  the  iron-bacteria  be  culti- 
vated without  ferrous  carbonate,  their  vital  phenomena  become 
gradually  feebler  and  finally  come  to  a  complete  standstill.  Hence 
the  presence  of  this  substance  belongs  among  the  conditions  of 
life  of  these  remarkable  microbes. 

These  examples  suffice  to  show  how  peculiar  may  be  the  special 
conditions  of  life  among  different  organisms  as  regards  food. 
This  is  not  the  place  for  their  further  consideration ;  they  belong 
to  the  province  of  special  physiology. 


2.    Water 

Living  substance  is  liquid.  It  is  necessary  to  remember  this 
fundamental  physical  property.  The  liquid  jelly-like  condition  of 
living  substance  is  due  to  the  water  that  it  contains,  which  fact 
can  be  proved  easily  by  evaporating  the  water.  Only  liquid,  not 
solid  masses,  only  substances  that  contain  water  can  be  living,  for 
only  with  the  liquid  state  is  metabolism  compatible.  Hence  in  the 
organism  all  substances  that  are  solid  and  hard,  such  as  the  con- 
nective tissues  of  the  teeth  and  the  bones,  are  not  living. 
Similarly,  vital  activity  is  lessened  along  with  the  withdrawal 
of  watey.  In  dried  Botifera  and  Tardigrada,  and  in  dried  seeds, 
no  \dtal  phenomena  can  be  perceived.  Life  begins  to  manifest 
itself  only  when  the  seeds  are  made  to  swell  by  the  addition  of 
water,  only  when  the  substance  of  their  cells  becomes  again 
liquid.  Water,  therefore,  belongs  to  the  general  conditions  of 
life.  This  conclusion  is  very  simple  and  clear.  But  there  are 
cases  where,  even  in  places  of  the  greatest  drought,  organic  life 
continually  exists.  In  spite  of  their  dryness  the  waste,  burning 
deserts  of  Arabia  and  Africa,  which  present  to  the  traveller  most 
powerfully  impressive  pictures  of  eternal  lifelessness,  and  whose 
sands  are  moistened  scarcely  once  in  a  year  by  showers  of  rain, 
harbour  manifold  varieties  of  animals  and  plants.  This  apparent 
exception  depends  upon  the  fact  that  all  desert-organisms  are 
peculiarly  adapted  to  life  in  long  drought,  and  they  manage  ex- 
tremely frugally  and  economically  with  the  little  water  that  comes 
to  hand  at  long  intervals  of  time.  One  is  astonished  in  the  driest 
desert  to  come  upon  green  plants  that  contain  abundant  juices, 
^\?i.ni\s,  {Mesemh^anthemum  crystalliv  '  ^ver  with 

cells,  which  harbour  such  quantitief*  latter 
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iippi'nr  liki'  anmil  crystal  droplets  (Fig.  127).  These  desert -pi  ants 
hiivt'  A  n'liiarktible  power  of  rctaiiiiag  water,  either  by  storing  up  in 
thi'ir  ci'U-aap  soluble  substances  that  possess  great  attraction  for 
water,  or  by  wing  covered  over  their  whole  surfiice  with  a  fine  layer 
of  wax,  so  that  with  the  stoumta  closed  scarcely  a  trace  of  water  can 
|mas  by  evaporation  out  i>f  the  plant-body.  Moreover,  they  possess 
usunllv  mueh-bnuichecl  root«  extending  verj'  far  and  anperficially  in 
thi>  soil,  and  those  greedily  suck  up  every  trace  of  water  that 
inoistons  the  earth.      The  desert-animals  also,  such  as  the  snails, 


.'t  AWtu\'!i\t.  jfvfltv^  ch*iiK>*^«es  by  tim.it tug  ihrric  tx-:r^c.-:-c  ■■( 
■*-jHt-!  :■.'  A  aii:i'.'Jn'itiL  "ni>e  #nadts  i^t-.tit  the  v>ftEdE£  -r-c  '.h-^i:  sh-eLis 
a::l-.  4  :h-.\:i,  iV'^biv  cwtr.  a*  I'tan  sttkp.tly  ;&  :s*.t  •:<  v^Ztr  ■.-iE  h^ 
.-:  ?:■,■-■.■■  -h-  bivly  by  ^-^ipiTasi-.-n.  Hrcoe.  in  »1^  ■JL-a^  ■.■aBrt^  '.'at 
■--■.■.■-.•*■  i  :;■;■  ic^tT'.cai^n.;  vtvs  c^a  va;*^^  :■■■  ■.'zt  '-^-r  <t2h~ 
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and  decreases  with  the  rise  and  fall  of  the  water-contents.  If  a 
slight  shower  of  rain  comes,  activity  immediately  begins,  the 
plants  grow  and  bloom,  and  the  sluggish  animals  awake  from  their 
summer  sleep. 

In  a  manner  somewhat  different  from  that  of  the  desert-plants 
and  animals,  other  organisms  which  at  times  are  obliged  to  undergo  a 
lack  of  water  are  adapted  to  life  in  drought,  since  at  such  times 
they  assume  a  quiescent  phase  and  are  protected  against  drying. 
Such  quiescent  phases  occur  especially  among  unicellular  organ- 
isms, as  in  the  spores  of  Bacteria  (Fig.  128)  or  the  cysts  of 
Ehizopoda  and  Infvsoi^t  (Fig.  84,  p.  205),  which  enclose  the 
living    cell-substance    in   a   thick,   completely   impervious    skin. 


Fio.  128. — Baeillu*  butyHcus,  forming  spores,  a,  Beginning  of  the  process ;  6,  ripe  spores  still 
within  the  baciUi ;  c,  spores  after  the  dissolution  of  the  membrane  of  the  mother-cells ;  d^ 
spores  beginning  to  germinate  and  to  allow  the  bacilli  to  come  forth.    (After  Migula.) 

The  seeds  of  plants  likewise  belong  to  these  permanent  conditions 
of  organisms.  But  in  all  these  cases  life  is  latent;  no  trace  of 
vital  phenomena  can  be  demonstrated  in  them  by  means  of  the 
most  delicate  methods.  It  would  appear  that  in  all  such  cases 
life  stands  still,  like  a  wound-up  clock  that  has  been  suddenly 
stopped. 

From  these  facts  the  importance  of  water  for  the  maintenance 
of  life  is  evident.  Without  water  life  cannot  exist.  With  the 
increase  and  decrease  of  the  water-contents  of  living  substance 
within  certain  limits  the  intensity  of  life  rises,  falls,  and  becomes 
zero. 


3.  Oxygen 

It  was  Priestley,  the  discoverer  of  oxygen,  who  recognised  the 
fundamental  importance  of  this  gas  for  life  upon  the  earth ;  by 
his  epoch-making  discovery  of  the  gas  and  its  properties  he  gave 
a  real  background  to  Mayow's  ingenious  comparison  of  respiration 
with  combustion.  In  respiration  free  oxygen  is  taken  up  by  the 
living  substance,  and  in  return  carbonic  acid  is  given  off;  hence 
a  combustion,  an  oxidation   of  cArb^»^    must  take  place   in    the 
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living  substance.  If,  therefore,  as  has  been  seen,^  all  organisms 
without  exception  respire  as  long  as  they  live,  i.e.,  if  the  processes 
of  oxidation  are  an  integral  link  in  the  chain  of  metabolic  pro- 
cesses, it  necessarily  follows  that  the  presence  of  oxygen  belongs 
to  the  general  vital  conditions  of  living  substance. 

As  is  well  known,  the  composition  of  the  atmosphere,  as  regards 
its  essential  constituents,  is  as  follows :  Nitrogen  and  argon, 7902, 
oxygen  2095,  carbonic  acid  0*03  volumes.  This  composition  is  essen- 
tially the  same  at  all  times  and  all  places  upon  the  earth's  surface.  If, 
therefore,  land  organisms  be  considered — and  upon  them  have  been 
made  the  greater  number  of  the  investigations  regarding  the 
dependence  of  living  things  upon  oxygen — it  may  be  said  that 
they  live  continually  in  an  atmosphere  in  which  in  round  numbers 
21  per  cent,  of  oxygen  is  present.  The  striking  investigations  of 
W.  Miiller  and  Paul  Bert  have,  however,  shown  that  organisms  are 
not  bound  exclusively  to  this  percentage  and  the  pressure  of  one 
atmosphere,  but  within  certain  limits  are  independent  of  the 
partial  pressure  of  oxygen.  W.  MUller  ('58)  found,  for  example, 
that  mammals  can  contmue  to  exist  with  14  per  cent,  of  oxygen, 
they  begin  to  be  disturbed  at  7  per  cent.,  while  at  3  per  cent, 
death  by  asphyxia  takes  place ;  on  the  other  hand,  they  thrive 
in  pure  oxygen  at  a  pressure  of  one  atmosphere.  In  like  manner 
a  series  of  experiments  published  by  Paul  Bert  ('73)  shows  in 
animals  a  far-reaching  independence  of  the  partial  pressure  of 
oxygen.  In  atmospheric  air  animals  can  still  exist  with  a  minimal 
pressure  of  about  250  mm.  mercur}'^  and  with  a  maximal  pressure 
of  fifteen  atmospheres ;  in  pure  oxygen  the  minimum  of  pressure  is 
considerably  lower,  but  a  pressure  of  two  atmospheres  for  plants 
and  of  three  atmospheres  for  animals  is  fatal.  In  general,  it  follows 
from  the  experiments  of  Paul  Bert  that  the  eflfects  of  a  too  small 
percentage  of  oxygen  can  within  certain  limits  be  compensated  for 
by  a  rise  of  pressure,  and  the  eflfects  of  a  too  high  pressure  by  a 
fall  of  the  percentage.  The  remarkable  fact  that  organisms  in 
pure  oxygen  with  too  high  partial  pressure  die,  and,  as  Paul  Bert 
has  shown,  die  of  asphyxia,  has  been  made  clear  by  Pfliiger  (75, 1), 
by  means  of  an  analogy  between  living  substance  and  active  phos- 
phonis.  As  is  well  known,  in  atmospheric  air  phosphorus  becomes 
oxidised  actively,  gives  out  light,  and  evolves  fumes  of  phosphorous 
acid,  while  in  pure  oxygen  it  is  not  oxidised  at  all.  So  living 
substance  in  pure  oxygen  with  a  high  pressure  ceases  to  oxidise, 
and  hence  appears  the  paradoxical  phenomenon  of  death  by 
asphyxia  in  pure  oxygen. 

The  minima  and  maxima  of  the  percentage  and  the  partial  pres- 
suiv  of  oxygen  are  very  diflFerent  for  diflferent  organisms,  and  thus 
far  are  known  only  in  a   few  cases.     These  details  are  of  little 

»  Cf.  p.  141. 
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interest  here.     It  is,  however,  interesting  to  glance  at  the  reaulte 
of  complete  removal  of  oxygen. 

The  final  results  of  complete  removal  of  oxygen  are  evident. 
If  oxygen  he  a  general  condition  of  life,  all  living  substance  must 
perish  after  its  complete  withdrawal.  This  has  been  shown  by 
experiments  that  have  been  performed  partly  upon  single  cells, 
partly  upon  tissues,  aud  partly  upon  multicellular  organisms.  But 
different  kinds  of  cells  perish  after  different  intervals  of  time, 
some  very  rapidly,  some  gradually,  just  as  do  different  organisms 
upon  withdrawal  of  food-     The  cells  of  the  nervous  systiim  are 
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the  most  sensitive  to  a^aei^fg  of  oxvgo^^  Hence  without  oxygen 
the  higher  vertebrates,  in  which  the  movt-meuts  of  respiration,  the 
activity  of  the  heart,  etc.,  are  dependent  upon  the  cells  of  the 
nerve-centres,  perish  verj-  soon  with  violeot  phenomena  of  stimu- 
lation. Other  kinds  of  cells,  however,  continue  to  live  fur  a 
considerable  time  even  in  a  medium  wholly  free  from  oxygen. 

By  the  use  of  hydrogen,  a  gas  absolutely  indiffereni  to   the 
organism,  oxygon  may  be  readily  and  oo  '  '^■=^  with- 

out introducing  into  the  experiment  oth?  ice 

in  a  closed  space  atmospheric  air,  in  w 
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effective  constituent,  at  least  for  animal-cells,  can  be  very  easily 
removed  and  replaced  by  hydrogen,  it  is  only  necessary  to  prepare 
chemically  pure  hydrogen  by  means  of  Kipp's  apparatus  and  con- 
duct it  through  a  closed  gas-chamber.  The  most  convenient  gas- 
chamber  for  microscopical  investigations  is  that  devised  by 
Engelmann  (Fig.  129, 1).  The  cells  to  be  investigated  are  placed 
in  such  a  chamber  and  observed  in  a  hanging  drop  of  the  liquid 
in  which  they  live.  By  a  series  of  experiments  Kiihne  ('64)  has 
shown  that  after  replacing  the  air  by  hydrogen  Amceba  gradually 
suspends  its  movements  after  about  24  minutes.  From  this 
condition  it  can  be  brought  back  to  life  by  a  renewal  of  atmo- 
spheric air.  But,  if  it  remains  for  some  time  longer  in  the 
absence  of  oxygen,  it  dies.  The  movements  of  large  plasmodia  of 
Myxomycetes  in  a  medium  free  from  oxygen  often  cease  only  after 
three  hours,  and  later  the  plasmodia  die. 

For  the  study  of  the  question  how  the  two  phases  of  contraction- 
movements,  namely,  expansion  and  contraction,  are  influenced  by 
the  withdrawal  of  oxygen,  the  most  favourable  objects  are  marine 
Rhizopoda,  possessing  long  pseudopodia,  over  which  the  movement 
of  each  particle  of  protoplasm  is  extended  for  a  very  considerable 
distance.  Such  a  one  is  Ehizoplasma  Kaiseri,  a  naked  rhizopod 
possessing  a  nuninucleated,  orange-red  cell-body,  from  which  radiate 
out  in  all  directions  fine,  anastomosing  pseudopodia,  in  which  the 
protoplasmic  streaming  is  uncommonly  active  (Fig.  130, 1).  If  a 
Ehizoplasma  ^  be  placed  in  the  Engelmann  gas-chamber  and  a 
current  of  oxygen  be  passed  through,  after  one  and  a  half  to  three 
hours  the  effects  of  the  withdrawal  of  oxygen  become  noticeable. 
The  centrifugal  current  in  the  protoplasm,  which  before  was  very 
active,  so  that  the  pseudopodia  were  extended,  becomes  feebler 
and  feebler  and  finally  ceases.  But  the  centripetal  current  con- 
tinues for  a  while  longer,  so  that  the  pseudopodia  slowly  shorten ; 
gradually,  however,  the  centripetal  current  also  diminishes  and 
soon  is  scarcely  noticeable.  The  protoplasm  has  accumulated,  at 
the  places  where  the  pseudopodia  branch,  into  tiny  masses,  which 
are  not  spherical  and  spindle-shaped,  as  when  contracted  because 
of  strong  stimulation,  but  are  more  pointed,  angular  and  toothed. 
In  this  form  the  Ehizoplasma  is  finally  completely  motionless  (Fig. 
130,  //).  Specimens  possessing  shorter  pseudopodia  finally  draw 
them  completely  in.  Hence,  by  the  withdrawal  of  oxygen,  the 
phase  of  expansion  (the  centrifugal  protoplasmic  streaming)  first 
comes  to  a  standstill,  and  then  gradually  the  phase  of  contraction 
(the  centripetal  protoplasmic  streaming).  If  now  atmospheric  air 
be  introduced,  after  about  five  minutes  tips  of  new  pseudopodia 
Ix'gin  to  project  from  the  central  cell-body.  After  about 
ten  minutes,  active  streaming  is  again  apparent  upon  the  old 
pseudopodia.     A  new  current  from  the  centre  appears  upon  them, 

^  Of.  Verwom  ('96,  3). 
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and  the  small  accumulations  of  protoplasm  break  up,  their  sub- 
stance flowing  partly  centrifugally,  partly  centripetally.  In  this 
manner  the  pseudopodia  again  become  smooth,  their  streaming 
becomes  more  active,  and  after  a  half-hour  the  same  appearance 
is  present  as  at  the  beginning  of  the  experiment. 

Engelman  was  able  also  to  determme  that  ciliated  cells  are 
capable  of  maintaining  life  for  several  hours  without  oxygen. 
Hermann  (*67-*68)  has  shown  the  same  for  muscle  by  placing  one  of 
two  exactly  similar  gastrocnemius  muscles  of  the  frog  in  a 
cylinder  containing  pure  hydrogen,  the  other  in  a  cylinder  filled 
v/ith  air  containing  oxygen,  and  testing  their  irritability  by  means 
of  electric  stimuli,  which  both  muscles  received  at  the  same  time. 
The  muscle  in  pure  hydrogen  lived  several  hours  before  becoming 
inexcitable,  while  the  muscle  in  oxygen  continued  to  live 
unchanged.  From  all  these  experiments  it  follows  that  certain 
cells  and  tissues  can  maintain  life  for  a  considerable  time  in  a 
medium  free  of  oxygen. 

This  fact,  especially  in  regard  to  muscle,  has  been  variously 
employed  as  the  basis  of  an  unjustified  conclusion.  Since 
Hermann  has  shown  that  no  free  oxygen  can  be  extracted 
by  means  of  the  gas-pump  from  an  excised  bloodless  muscle,  the 
inference  has  been  drawn  that  muscle,  while  able  to  perform 
movements  for  a  long  time  without  external  oxygen,  works  solely 
by  means  of  cleavage-processes.  This  conclusion  is  unjustified, 
since,  from  the  fact  that  no  free  oxygen  can  be  pumped  out  of  a 
muscle,  it  ought  not  to  be  inferred  that  no  oxygen  whatever 
capable  of  being  used  for  oxidation  is  longer  present  in  the 
muscle.  On  the  contrary,  it  is  very  probable  that  in  the  muscle, 
perhaps  in  the  sarcoplasm,  there  exists  in  combination  oxygen  that 
during  activity  is  continually  being  consumed  by  the  contractile 
particles  for  their  oxidisation.  As  a  matter  of  fact,  haemoglobin 
has  been  found  in  the  muscles  of  some  invertebrates  that 
possess  in  their  blood  no  haemoglobin  whatever.  It  must  hence 
be  supposed  that  in  cells  that  continue  to  live  for  a  long  time 
in  the  absence  of  oxygen,  oxidation-processes  still  take  place, 
certain  complexes  of  atoms  of  the  living  substance  withdrawing 
the  oxygen  for  their  own  oxidation  from  others  that  contain 
it  in  loose  combination,  until  finally  all  the  oxygen  is  con- 
sumed and  combined  into  the  clea,vage-products.  However  this 
may  be,  in  the  absence  of  oxygen  all  living  organisms  perish  after 
a  shorter  or  longer  time.  Without  oxygen  no  life  c<an  exist 
permanently. 

There  are  some  apparent  exceptions  to  this  principle ;  there 
are    organisms    that   apparently    can    continue    to    live    without 

UXVOft-'U. 

At  tii*st  sight  the  green  plants  appear  to  form  such  an  exception, 
and  at  one  time  they  were  really  believed  to  do  so.     In  one  respect 


^^  THE  GENERAL  CONDITIONS  OF  LIFE 

these  plants   are   the   exact  reverse   of  animals ;  they   take   up 
carbonic  acid  and  give  off  oxygen.     So  long  as  the  sunlight  ac^ 
upon  their  green  leaves,  they  need  no  oxygen.     A  green  plant, 
therefore,  can  be  kept  alive  id  a  space  free  from  oxygen,  if  it  be 
allowed  to  stand  in  the  light  and  receive  carbonic  acid.     But  this 
taking-in  of  carbonic  acid  and  giving-out  of  oxygen  ia  not  the 
plant's   respiration.     In   reality,   as 
has   already  been  seen,'   the  plant 
like  the  animal  inspires  oxygen  and 
expires  carbonic  acid.     This  fact  is 
simplj-  disguised  by  the  process  of 
assimilation.  During  the  night,  how- 
ever, when  assimilation  ceases  in  the 
darkness,  the  plant  inspires  oxygen 
and  expires  carbonic  acid  ;  aud,  if  it 
be  cultivated  in  a  closed  space,  it 
lives  during   the   night    upon    the 
oxygen  that  it  has  set  free  during 
the  day  by  the  cleavage  of  the  car- 
bonic acid  that  it  has  taken  in.   The 
process  of  assimilation   of  carbonic 
acid   is,    therefore,    to    be    sharply 
separated  from  that  of  respiration. 
The   two   phenomena   are    entirely 
distinct  from  one  another. 

But  in  a  peculiar  kind  of  organ- 
isms, the  so-called  AnaSrobia,  the 
relations  are  even  much  less  elear 
than  in  the  plants.  The  Annerohia 
are  organisms,  belonging  chiefly  to 
the  Baxteria,  that  can  continue  to 
live  with  complete  absence  of  oxygen. 
Many  of  them  even  perish  when  they 
wime  in  contact  with  free  oxygen. 
Since  Pasteur,  the  father  of  Bac- 
teriology, first  asserted  the  reality 
of  such  rare  beings,  their  actual 
existence  has  frequently  been 
doubted,  but  there  is  no  longer  any 
question  of  the  c<irrectness  of  this 

claim.  Thus,  e.g.,  the  bacteria  of  symptomatic  anthrax  and  of 
tetanus  grow  anaerobically  (Fig.  131).  So,  also,  the  vibrios  of 
cholera  are  able  to  live  admirably  in  alkaline  nutrient  media  with 
absence  of  air ;  under  these  conditions  they  increase  rapidly  in  the 
intestine,  where  scarcely  a  trace  of  pure  oxygen  exists.  This  fact 
is  the  more  remarkable  since  when  brought  into  contact  with  air 
'  cf.  p.  r 
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they  show  themselves  to  be  unusually  greedy  for  oxygen. 
Since  it  cannot  be  supposed  that  without  oxygen  they  are  capable 
of  increasing  so  remarkably  as  they  do  in  the  intestine,  and  since 
their  greed  for  free  oxygen  is  acknowledged,  it  must  be  assumed 
that  they  as  well  as  other  Anaerohia,  such  as  the  bacteria  of 
tetanus  and  the  bacilli  of  symptomatic  anthrax,  are  capable  in  the 
absence  of  free  oxygen  of  withdrawing  oxygen  from  the  salts  of 
the  alkalies  that  occur  in  their  media — in  other  words,  they  are 
able  to  take  oxygen  from  fixed  chemical  compounds.  This 
assumption  requires  experimental  proof,  and  the  same  may  be 
said  also  of  the  other  anaerobic  parasites  of  the  intestine, 
which,  as,  e.g.,  the  thread- worms,  according  to  Bunge  s  researches 
(*83),  are  capable  of  living  in  active  movement  for  4 — 5  days 
in  a  medium  completely  free  from  oxygen. 

Finally,  organisms  in  the  condition  of  latent  life  occupy  an 
exceptional  position  in  respect  to  oxygen,  as  to  all  other  vital 
conditions  that  bear  directly  upon  metabolism.  They  require  no 
oxygen,  just  as  they  require  no  food  and  no  water  and  yet  are 
capable  of  life.  The  fact  is  not  unaccountable,  for  where  metabolism 
cannot  be  demonstrated,  no  oxidation-processes  are  found. 


4.  Temperature 

Besides  the  conditions  characterised  by  the  introduction  of 
matter  (food,  water  and  oxygen),  upon  which  metabolism  directly 
depends,  certain  dynamic  requirements  must  be  fulfilled,  if  life  is 
to  be  maintained.  Among  them,  before  all  others,  is  a  temperature 
within  certain  limits. 

It  is  well  known  that  chemical  compounds  are  influenced  in  a 
marked  degree  by  temperature.  In  general,  high  temperatures 
lead  to  the  dissociation  of  compounds  that  at  low  temperatures 
can  readily  exist  unchanged.  Living  substance  is  a  mixture  of 
numerous  chemical  substances,  among  which  occur  highly  complex 
compounds  in  an  extremely  labile  condition.  It  is  evident, 
therefore,  that  living  substance  also  must  be  dependent  in  a  marked 
degree  upon  temperature,  that  life  can  exist  only  within  definite 
temperature-limits.  These  limits,  the  minimum  and  maxi- 
mum of  temperature,  are  of  course  very  different  for  different 
forms  of  living  substance.  Temperatures  in  which  some  organisms 
thrive  are  fatal  for  others.  It  is  not  necessary  here  to  determine 
for  individual  species  the  higher  and  the  lower  limits,  but  it  is 
important  to  find  out  what  are  the  minimum  and  the  maximum 
at  wliich  life  in  general  can  exist  upon  the  earth's  surface. 

The  observation  has  frequently  been  made  that  poikilothermal 
animals  and  plants  can  be  frozen  without  losing  their  vital  capacity. 
Thus,  in  his  polar  expedition  in  the  year  1820  John  Franklin  s<iw 
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carps,  which, after  having  been  frozen  solid,  revived  and  moved  about 
actively  upon  being  warmed  before  a  fire,  although  in  specimens 
that  were  killed  the  intestines  were  so  solid  that  they  could  be 
removed  aa  a  single  piece.  Likewise,  by  careful  warming  Dumeril 
revived  frogs  that  had  been  frozen  solid  in  water  of  4°  to  12°; 
and  Preyer  ('80),  who  has  collected  considerable  testimony 
upon  this  subject,  made  the  observation  that  frogs  frozen  solid 
could  be  revived  if  their  internal  temperature  had  not  reached 
2*5°  C,  Romanes  made  similar  observations  upon  Medusa  [Aurdia 
aurUa),  whose  delicate  jelly-like  bodies  were  pierced  by  abundant, 
fine  ice-crystals.  But  all  these  statements  are  to  be  accepted  with 
some  criticism.  The  fact  is  not  to  be  doubted  that  these  animals  can 
be  actually  frozen  solid  in  ice  and  yet  be  revived  by  careful  thawing, 
but  in  all  the  observations  it  is  not  certain  whether  the  living  sub- 
stance of  the  cells  themselves  possesses  a  temperature  below  0°  C. 
As  is  well  known,  all  cells  produce  a  certain  quantity  of  heat  in 
their  metabolism,  and  as  a  result  of  this  when  they  arefrwzen  their 
internal  temperature  is  always  slightly  higher  than  that  of  the 
surrounding  ice.  It  is,  therefore,  possible  that  in  all  the 
observations  the  living  substance  of  the  cells  itself  was  not  cooled 
to  0°  or  below  0°.  Hence,  more  exact  investigations  were  needed 
in  order  to  decide  the  question  whether  the  living  cell  itself 
undergoes  without  harm  cooling  of  its  substance  to  or  below  0'  C. 
Such  experiments  have  been  performed  by  Klihne,  and  more 
recently  and  in  great  detail  by  Kochs. 

Kilhne  ('64)  placed  upon  ice  in  a  watch  glass  a  drop  of  water 
containing  many  amcebae,  and  found  that  gmdually,  in  proportion 
to  the  cooling,  the  movements  became  slower  and  slower,  until 
finally  they  ceased  altogether  and  the  amoabae  lay  completely 
motionless.  If  the  drop  were  again  brought  to  the  usual  room- 
temperature,  the  movements  would  begin  again ;  the  amcebae, 
therefore,  were  still  alive.  But  the  result  was  different  when  the 
drop  was  fi-ozen.  Then,  even  after  warming,  the  amoebae  remained 
motionless  and  could  not  again  be  revived. 

More  recently,  Kochs  ('90)  performed  very  detailed  experi- 
ments upon  frogs  and  water-beetles.  He  froze  these  animals  in 
glasses  containing  water.  Ifthe  temperature  was  not  very  low,  there 
remained  around  the  animals,  surrounded  by  ice,  a  liquid  mass  of 
water,  the  temperature  of  which  was  2°  below  the  zero-point,  as 
was  shown  by  boring  through  the  mass  of  ice.  If,  after  boring, 
this  last  layer  of  water  was  frozen,  the  animals  could  still  be  revived 
by  warming,  provided  that  they  had  not  been  frozen  longer  than 
five  to  six  hours.  By  sawing  through  such  a  preparation  it  was 
shown  that  the  animals  were  not  frozen  solid  internally.  But,  if 
the  experiment  was  extended  so  that  the  animals  were  thus 
frozen,  which  was  the  case  when  thej  were  brought  into  cold 
air  of  4°  C,  all  attempts  at  resuscitation  were  in  vam, 
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In  the  light  of  these  experiments  the  assumption  that  organisms 
always  perish  when  the  living  substance  of  the  tissue-cells  itself  is 
frozen  solid,  appeared  very  highly  probable.  But  in  opposition 
to  them  recently  Raoul  Pictet  (*93)  has  established  facts  in 
accordance  with  which  our  ideas  must  apparently  be  wholly 
changed 

This  well-known  investigator,  who  has  made  a  number  of  sur- 
prising and  extraordinarily  valuable  discoveries  concerning  the 
chemical  effects  of  very  low  temperatures,  recently  carried  out  m  his 
laboratory  experiments  upon  the  physiological  effects  of  such 
temperatures.  The  objects  of  his  experiments  were  protected  by 
wood  from  contact  with  the  metal  walls  of  the  cold  vessel  in  which 
they  were  placed,  so  that  they  were  exposed  to  the  low  temperature 
of  the  air  only.  It  was  thus  shown  that  different  animals  behave 
very  differently.  Fishes  that  were  cooled  down  to  -15°  C.  in  a  block 
of  ice  remained  living  after  careful  warming,  although  others  in 
the  same  experiment  could  be  ground  to  powder  like  ice.  But  upon 
cooling  to  -20**  C.  the  fishes  died.  Frogs  endured  without  dying  a 
temperature  of  -28°  C,  myriopods  -50°  C,  snails  -120°  C.,  and 
bacteria  even  less  than  -200°  C.  In  view  of  these  surprising  experi- 
ments it  can  hardly  be  doubted  that  in  individual  cases  the  living 
substance  of  cells  can  be  frozen  to  ice  without  losing  its  capacity 
of  life. 

These  phenomena  suggest  the  question  whether  in  frozen 
organisms  there  is  really  a  complete  standstill  of  the  vital  pro- 
cesses— a  question  that  Preyer  believes  must  be  answered  in  the 
affirmative.  Theoretically,  there  is  nothing  opposed  to  this  idea  ; 
for,  when  it  is  seen  how  with  falling  temperature  the  energy  of 
the  vital  processes  constantly  decreases,  it  must  be  believed  that 
in  time  a  point  may  be  reached  where  they  cease  altogether. 
The  possibility  that  the  cell-liquid  itself  can  freeze  without  abolish- 
ing the  vital  capacity  of  the  cell,  would  support  this  view ;  for,  as 
has  been  seen,  life  cannot  exist  without  water  in  the  liquid  state. 
It  would  be  expected  therefore,  that,  as  soon  as  the  water  in  the 
living  substance  has  passed  over  into  the  solid  state,  the  chemical 
transformations  in  the  cell  would  be  at  a  standstill.  Bub  con- 
clusive experiments  for  the  decision  of  this  question  are  thus  far 
wanting.  If  it  should  be  established  that  living  substance  in  the 
frozen  condition  can  be  maintained  for  years  capable  of  life,  just 
as  certain  dried  organisms  can  be  so  maintained  for  years,  decades, 
and  even  centuries,  then  the  probability  would  approximate  to 
certainty  that  life  in  frozen  organisms  is  really  at  a  standstill. 
At  present  this  is  not  settled.  One  fact  that  is  opposed  to  this 
idea  is  the  observation  made  by  Pictet,  that  frozen  organisms 
cannot  endure  a  farther  fall  of  temperature  beyond  a  certain 
})(>int.  Upon  thawing  they  cannot  be  revived.  If  life  were  really 
at  a  complete  standstill,  it  would  be  difficult  to  understand  why 
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a  farther  sinking  of  the  temperature  should  still  be  of  influence. 
For  the  present,  therefore,  we  must  forgo  a  definitive  solution  of 
this  question. 

The  establishment  of  the  maximum  of  external  temperature 
meets  with  difficulties  similar  to  those  surrounding  that  of  the 
minimum.  In  every  case  the  maximum  is  represented  by  the 
point  where  the  proteids  in  the  living  substance  of  the  cell 
coagulate.  The  proteids  play  in  the  life  of  the  cell  the  most 
essential  rdle,  and  it  is  conceivable  that,  when  the  dissolved 
albumin  passes  over  into  the  solid  state,  metabolism,  in  other 
words  life,  must  cease.  Accordingly,  it  might  appear  very  simple 
to  determine  the  maximum  of  temperature  at  which  life  can  still 
exist.  But  the  temperature  of  coagulation  is  very  different  for 
different  proteids,  and,  moreover,  there  are  kinds  of  organisms 
that  still  live  even  at  temperatures  at  which  all  proteids  must 
long  since  have  coagulated. 

In  a  similar  manner  as  with  the  minimum,  KUhne  ('64)  per- 
formed experiments  upon  Avmba  regarding  the  maximum  of 
temperature,  and  found  that,  when  creeping  actively  at  ordinary 
temperatures,  it  contracted  at  35°  C,  but  still  remained  capable 
of  life  ;  after  being  heated  to  40° — 45°  C.  it  could  not  be  revived  by 
cooling.  Thus,  KUhne  was  able  to  establish  that  one  proteid  of 
the  amoeba-cell,  which  he  regarded  as  contractile  substance, 
coagulated  at  40**  C,  another  at  45°  C.  For  plant-cells  Max 
Schultze  ('63)  found  the  death-point  to  be  at  47°  C.  In 
contrast  to  these,  various  other  authors  have  given  accounts  of 
remarkable  cases  in  which  organisms  exist  at  much  higher  tem- 
peratures. The  most  remarkable  testimony  was  the  observation 
of  Ehrenberg  ('58),  who  found  living  ciliate  Infusoria  and 
Rotifera  between  the  threads  of  Oscillaria  in  the  hot  springs  of 
Ischia  at  a  temperature  of  81° — 85°  C.  Hoppe-Seyler  (77),  who 
tested  this  statement  of  Ehrenberg  at  Casamicciola,  Ischia, 
found  considerably  lower  temperatures.  Alg(€,  when  exposed  to 
hot  vapours,  were  living  at  647°  C,  but,  when  in  wat^r,  the 
highest  temperature  in  which  they  existed  was  only  53°  C.  Hence 
it  is  certain  that  organisms  are  still  able  to  live  in  water  of  53°  C. 

Some  time  ago  very  detailed  investigations  were  under- 
taken in  the  hot  springs  of  the  Yellowstone  Park  in  North 
America,  and  living  algae  were  found  at  much  higher  tempera- 
tures. The  older  statement  of  Ehrenberg  does  not  appear 
therefore,  to  have  been  incorrect. 

Although  these  statements  are  surprising,  a  well-authen- 
ticated and  easily  observed  fact  is  known  that  is  much  more 
remarkable.  This  is  the  behaviour  of  the  spores  of  certain 
bacteria  to  high  temperatures.  Koch,  Brefeld  and  others,  have 
shown  that  the  spores  of  the  bacillus  of  splenic  fever  {Bacillus 
anthrads)   and   the   hay-bacillus    (Bacillus  subtilis)   can   en'' 
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temperatures  of  more  than  100°  C.  without  losing  their  capacity 
of  life. 

For  the  present  an  explanation  of  these  puzzling  facts  is  want- 
ing. It  can  only  be  assumed  that  the  proteids  in  these  organisms 
occur  in  a  condition  in  which  they  cannot  be  made  to  coagulate 
by  high  temperatures,  even,  as  in  the  case  of  the  spores  of  the 
hay-bacillus,  by  a  boiling  temperature.  The  two  assumptions, 
that,  in  spite  of  the  temperature  of  the  surrounding  medium,  the 
living  substance  is  not  heated  to  the  coagulation-point  of  the 
proteid,  and  that  the  vital  capacity  is  maintained  in  spite  of  the 
coagulation  of  the  proteids  in  them,  are  equally  improbable.  It 
is  not  yet  known  upon  what  molecular  changes  the  process  of 
coagulation  is  based,  and  by  what  conditions  apart  from  the 
known  factors  its  appearance  is  influenced.  When  more  is  known 
upon  these  questions,  some  light  will  be  thrown  also  upon  the 
puzzling  phenomena  mentioned  above. 


5.  Pressure 

Like  temperature,  the  pressure  surrounding  bodies  has  an 
influence  upon  their  chemical  constitution.  This  is  especially 
noticeable  in  cases  where  the  chemical  body  exists  in  a  medium 
with  the  constituents  of  which  it  is  in  chemical  relation.  If  this 
condition  is  fulfilled,  if  a  chemical  body  exists  in  a  gaseous  or 
liquid  medium  containing  substances  that  have  a  chemical  affinity 
for  it,  then,  by  an  increase  of  the  pressure,  a  chemical  combination 
between  the  body  and  the  substances  in  the  medium  can  take 
place,  and  by  a  subsequent  decrease  of  the  pressure  a  decomposition 
into  the  previous  constituents  can  occur.  This  phenomenon  depends 
upon  an  antagonism  between  the  vibrations  of  the  atoms  and  the 
pressure.  With  a  greater  pressure  the  atoms  become  crowded 
together,  hence  more  atoms  of  the  medium  are  able  to  come  into 
contact  with  atoms  of  the  body;  with  a  less  pressure  the 
vibrations  become  again  so  great  that  the  atoms  are  disengaged 
from  the  loose  combination. 

Living  substance  exists  in  such  a  condition.  It  lives  in  a 
medium,  either  air  or  water,  with  which  it  can  undergo  chemical 
exchange.  It  is  clear,  therefore,  that  the  pressure,  either  of  the 
air  or  of  the  water,  will  have  a  great  significance  for  life,  and  that 
a  pressure  within  definite  limits  must  belong  to  the  general  vital 
conditions. 

Unfortunately  this  condition  has  been  very  little  investigated 
til  us  far,  and  at  present  it  is  possible  to  state  only  in  part  under 
what  pressure  of  air  or  water  life  in  general  is  still  possible,  and 
Ix'tween  what  limits  of  pressure  it  is  confined  in  its  present  form 
upon  the  earth's  surface.     The  experimental  investigation  of  this 
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problem  will  require  specialised  methods,  and  the  values  for  the 
individual  constituents  of  the  air  and  the  water,  such  as  oxygen, 
carbonic  acid,  etc.,  must  be  separately  determined  manometrically. 

In  discussing  oxygen  as  a  general  condition  of  life,  we  became 
acquainted  with  the  importance  of  the  partial  pressure  of  this 
gas,^  and  learned  that  pure  oxygen  at  a  pressure  of  more  than  three 
atmospheres  is  fatal  to  homothermal  animals,  while  with  ordinary 
air  the  same  result  appears  at  a  pressure  of  15 — 20  atmospheres. 
Death  likewise  follows  when  the  partial  pressure  of  the  oxygen 
falls  too  low. 

The  venturesome  method  of  balloon-travel  has  been  employed 
to  collect  facts  regarding  the  height  at  which  the  pressure  of  the 
air  becomes  so  small  that  danger  to  human  life  results.  The 
balloon  trip  that  was  made  out  of  Paris  in  the  year  1875,  by 
Spinelli,  Sivel  and  Tissandier,  has  become  famous.  They  rose 
with  considerable  rapidity,  and  without  any  disturbance  reached 
a  height  of  7,000  metres.  At  about  7,500  metres,  Tissandier 
relates,  they  felt  constantly  increasing  weakness  and  apathy, 
which  soon  increased  to  complete  absence  of  the  power  of  motion, 
although  their  minds  still  remained  clear.  They  could  no  longer 
perform  voluntary  movements,  nor  could  they  even  use  their 
tongues  for  speaking.  After  Tissandier  had  made  the  observa- 
tion that  the  balloon  had  passed  a  height  of  8,000  metres,  and 
after  vain  efforts  to  communicate  this  fact  to  his  two  companions, 
he  lost  consciousness.  When  he  awoke,  they  had  descended  to 
7,059  metres.  Then  Spinelli,  who  also  had  awaked,  threw  out 
sand  in  order  that  they  should  not  fall  too  rapidly.  As  a  result 
of  this  the  balloon  again  rose,  and  the  aeronauts  again  lost  con- 
sciousness. When  Tissandier  awoke  a  second  time  they  had  sunk 
to  6,000  metres,  and  the  barometer  showed  that  the  balloon  had 
reached  a  height  of  about  8,500  metres.  Spinelli  and  Sivel  never 
regained  consciousness. 

The  minimum  of  air-pressure  under  which  plants  and  animals 
can  still  remain  alive  can  be  determined  by  the  air-pump.  In  such 
an  experiment  the  most  important  thing  for  animals  is  the  partial 
pressure  of  oxygen,  for  plants  that  of  carbonic  acid. 

As  regards  tne  water-pressure  under  which  life  can  exist,  far 
fewer  facts  are  known  than  as  regards  the  pressure  of  the  air.  The 
interesting  deep-sea  investigations  of  the  last  ten  years  have 
shown,  in  opposition  to  earlier  ideas,  that  living  organisms  exist 
even  in  the  greatest  depths  of  the  sea,  where  darkness  always 
prevails  and  bodies  are  subject  to  a  pressure  of  several  hundred 
atmospheres.  This  pressure  is  so  great  that  upon  its  sudden  with- 
drawal, as  when  the  animals  are  drawn  to  the  surface,  they  burst. 
Fishes  come  up  swollen,  with  their  scales  standing  out  and  their 
intestines  protruding  from  their  mouths  (Fig.  132)  ;  this  is  observed 
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CTCD  in  Uiefidws  that  lire  I^^^^B^Hhe  Lake  of  Consunoe. 
The  be^t  to  wbkh  the  fwtwm  OB  n*e  before  all  life  ci— 
Imm  tba»  fu-  not  bixn  inveatigpued.  The  dimiButka  of  tbe  water- 
MuMufe  to  tint  pw-wure  of  the  stawaphere  retstii^  upon  the  water, 
bgr  neaaa  of  an  air-porap.  appean  to  be  wttbont  inflneoce  npcM 
n  livitig  iu  the  water.     Bat  a  grsat  dimimitioa  nf  tbe 


water-prenare  w  n>j|  ponible  mth4>ut  allying  the  liquid  state  of 
the  inivr.  Here  the  c[aestioa  of  tbe  luinimura  of  ^'ater-pressure 
pnww  over  into  that  of  the  tniniraum  nf  air-pn?ssure,  and  the 
|»rtial  prawiin;  nf  the  ciMitained  gases,  water- vapour.  o\ygea,  etc, 
and  becomes  connected  with  the  questions  of  the  impurtAOce  of 
moistare  in  th*?  atmiii^phere.  oxvgeii.  etc.,  as  general  conditions  of 
life. 


B.  THE  GEN'ERAL  INTERNAL  COXDITIOSS  OF  LIFE 

The  conditions.  thuK  far  spoken  of,  namely,  a  supply  of  food  and 
other  sutwtances.  a  definite  degree  of  temperature,  and  a  certain 
|irtMture,  cotiipTi.»eiill  the  geueml  conditions  of  life  that  must  be 
ufTorded  by  thi-  inedium.  Others,  such  as  light,  are  likewise 
external  but  uot  general  conditions,  and  pertain  only  to  certain 
organisms  or  gMiim  of  nrganitnns. 

But  along  wiln  the  genemi  external  conditions  there  are 
aaflociat«<I  othcn  that  must  Im.-  fulfilled  also  in  order  that  life  can 
continue.  Thc^.-  He  within  the  organism  itself,  and  constitute  the 
gtmral  intern/ii  '■inidUioM  of  li/c. 

Obviouxly  the  clitfC  n-quisite  for  the  existence  of  life  through 
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the  fulfilment  of  all  external  conditions  is  the  presence  of  a 
substance,  capable  of  life,  in  which  vital  phenoraena  can  take 
place.  Hence,  if  a  tiny  drop  of  living  substance  be  imagined  in  a 
medium  in  which  all  the  cxtema!  conditions  of  life  are  fulfilled,  it 
must  be  assumed  that  it  will  remain  living  so  long  as  disturbing 
influences  do  not  enter  from  without.  But  experiments 
contradict  this. 

A  small  mass  of  living  substance  can  be  easily  obtained  by 
cutting  ofif  with  a  fine  scalpol  under  the  microscope  a  piuce  of 
hyaline  protoplasm  from  a  living  cell,  e.g.,  Amceba.  The  piece  cut 
off  is  living ;  this  is  recognised  from  the  fact  that  after  the  opera- 


tion it  still  performs  such  movements  as  the  whole  Amalm 
performs.  The  external  vital  conditions,  moreover,  are  all 
fulfilled,  for  the  part  exists  in  the  same  medium  and  has  the  same 
external  relations  as  the  whole  Avwha.  Nevertheless,  it  lasts  for 
a  short  time  only,  it  soon  dies  and  cannot  be  restored  to  life  by 
any  agency.  Eveiy  like  experiment  without  exception  upon  any 
other  cell  yields  the  same  result  (Fig.  133),  In  all  such  cases 
a  certain  moss  of  living  substance  exists  in  a  medium  in  which  all 
external  vital  conditions  are  fulfilled,  and  yet 
continue  living.  Hence  some  factor  among  tb 
of  life  is  wanting. 
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Inasmuch  as  there  exists  upon  the  earth  at  present  no  living 
substance  that  is  homogeneous  throughout,  the  absent  factor,  as 
shown  by  the  experiment,  is  the  natural  coherence  and  correlation 
of  the  essential  parts  of  the  organism. 

This  is  true  equally  of  the  cell-community  and  the  individual 
cell.  But  the  objection  may  be  raised  that  in  many  cases  parts 
and  even  whole  organs  can  be  separated  from  an  organism  without 
endangering  its  existence.  This  is  true,  but  in  all  such  cases  the 
parts  are  such  as  are  not  absolutely  necessary  to  the  maintenance 
of  the  individual,  whether  it  be  because  they  are  present  in 
abundance  and  can  be  replaced  in  function  by  others,  or  because 
they  are  not  closely  related  to  the  other  parts,  and,  therefore,  when 
separated,  represent  complete  individuals.  A  polyp  can  be  cut 
into  two  parts,  both  of  which  continue  to  live,  and  from  a  pol^p- 
stalk  a  single  polyp  can  be  cut  oflf  without  dying.  In  the  above 
experiment  upon  Amoeba  the  nucleated  cell-body  continues  living 
even  after  the  separation  of  a  portion  of  the  protoplasm,  because 
it  still  possesses  a  quantity  of  protoplasmic  particles  of  the 
same  kind  as  were  removed.  But  the  piece  of  protoplasm  that  is 
cut  off  perishes,  because  its  connection  and  correlation  with  the 
nuclear  mass  have  ceased. 

The  living  substance  that  now  exists  upon  the  earth's  surface 
is  recognised  only  in  the  form  of  cells,  either  alone  or  bound 
together  into  cell-communities.  The  cell  contains  as  its 
essential  constituents  two  different  substances,  the  protoplasm  and 
the  nucleus.^  Wherever  a  little  protoplasm  and  a  little  nuclear 
substance  exist  in  union,  there  is  a  cell ;  and  only  such  is  capable 
of  life  when  the  external  vital  conditions  are  fulfilled.  A  large 
cell  can  be  divided  into  many  pieces  capable  of  life,  so  long  as  the 
requirements  are  complied  with  that  every  piece  shall  possess 
some  protoplasm  and  a  little  nuclear  substance,  and  that  the 
disproportion  between  the  two  masses  shall  not  exceed  a  certain 
limit.^  With  some  skill  it  is  not  difficult  to  perform  the  experiment 
upon  large  unicellular  organisms.  But,  if  a  cell  be  so  divided  that 
the  nucleus  Ls  separated  from  the  protoplasm,  both  parts  invariably 
perish. 

Since  the  cell  is  the  general  elementary  constituent  of  organisms, 
the  individual  of  the  lowest  order,  the  association  of  nucleus  and 
protoplasm  in  the  cell  may  be  established  as  a  general  internal 
condition  of  life.  Onlv  where  these  two  are  united  can  life 
continue  to  exist. 

A  physical  phenomenon  takes  place  when,  on  the  one  hand,  a 
inatorial  substratum  is  present  in  which  it  can  take  place,  and, 
im  the  other,  certain  external  conditions  are  fulfilled.  The  same 
holds  good  of  vital  phenomena.     Vital  phenomena  appear  with 

1  Cf.  p.  71.  '  Cf.  LilUe  ('96). 
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the  same  necessity  that  characterises  the  appearance  of  physical 
phenomena,  when  matter  capable  of  life  is  present,  and  when  the 
external  general  and  special  conditions  of  life  are  fulfilled.  In 
other  words  vital  phenomena  are  an  expression  of  the  correlation 
of  living  substance  and  the  surrounding  medium,  or,  as  Claude 
Bernard  (79)  says :  "  Vital  manifestations  result  from  a  conflict 
between  two  factors — the  organised  living  substance  and  the 
medium." 

In  considering  this  correlation  the  question  comes  up: 
How  was  it  with  life  at  a  time  when  conditions  wholly  different 
from  present  ones  prevailed  upon  the  globe  ?  Was  life  then  able 
to  exist  ?     When  and  how  did  it  arise  ( 


II.  The  Origin  of  Life  upon  the  Earth 

As  is  well  known,  the  earth  was  once  in  a  fiery  condition,  like 
the  sun  from  which  it  came.  The  hard  rocks  and  solid  metals 
that  now  compose  its  solidified  crust  were  then  in  a  molten  state ; 
its  liquid  nucleus  was  surrounded  by  an  atmosphere  of  incandescent 
gases ;  its  particles  were  in  violent  motion,  and  its  temperature 
measured  thousands  of  degrees. 

The  idea  that  the  earth  in  its  evolution  once  passed  through 
such  a  condition  is  now  an  accepted  generality  of  all  branches  of 
natural  science.  Astronomy,  physics,  geology-,  geogony,  mineralogy 
and  chemistry,  all  agree  in  this.  Moreover,  modern  science,  with 
the  help  of  the  telescope  and  the  spectroscope,  has  brought  the 
fact  directly  before  us,  that  even  now,  everywhere  in  the  universe, 
the  same  process  of  evolution  that  the  earth  once  passed  through 
is  being  repeated,  and  that  there  exist  upon  other  heavenly 
bodies  conditions  analogous  to  each  stage  of  the  earth's  evolution. 
There  now  exist  in  space  gaseous  nebulae,  molten  spheres,  and 
solid,  ice-cold  masses,  the  last  representing  the  present  condition 
of  the  moon  and  the  future  fate  of  the  earth. 

The  fact  that  the  earth  was  once  in  a  condition  in  which  its 
temperature  was  enormous  and  not  a  drop  of  water  existed  upon 
it,  in  short,  a  condition  in  which  the  vital  conditions  that  are  now 
regarded  as  indispensable  to  the  existence  of  organisms  were 
wanting — this  fact  will  always  be  an  important  factor  with  which 
all  speculations  upon  the  origin  of  life  upon  the  earth  must  deal. 
In  the  light  of  this  we  will  consider  the  various  views  upon  the 
origin  of  life  that  have  been  founded  upon  a  scientific  basis  by 
various  men  of  science,  and  will  endeavour  to  form  some  idea 
respecting  it,  even  though  the  idea  be  only  a  general  one. 


29S  GENERAL  PHYSIOLOGY 


A.  THEORIES  CONCERNING  THE  ORIGIN  OF  LIFE  UPON  THE  EARTH 

1.  Tfu  Doctrine  of  Spontaneous  Generation 

The  modem  doctrine  of  spontaneous  generation  (archegony, 
abiogenesis,  generatio  spontanea  or  cequivoca,  etc.)  in  its  general 
form  is  as  follows.  Since  there  was  a  time  in  the  evolution  of 
the  earth  when  the  existence  of  the  living  substance  that  now^ 
inhabits  the  cool  surface  of  the  latter  was  absolutely  impossible, 
living  substance  must  have  arisen  from  lifeless  substance  at  some 
later  period. 

The  question  accordingly  arises,  how  and  under  what  conditions 
were  the  first  organisms  created  ? 

To  the  ancients,  even  to  a  mind  having  so  comprehensive  a 
knowledge  of  nature  as  that  of  Aristotle,  the  idea  presented  no 
especial  difficulties  that  animals,  such  as  worms,  insects  and  even 
fishes,  could  come  into  existence  out  of  mud.  Only  at  a  relatively 
late  time  and  particularly  in  connection  with  the  researches  of 
Redi  and  Swammerdamm  upon  the  development  of  insects,  were 
these  crude  ideas  laid  aside  as  incompatible  with  established 
scientific  knowledge. 

But  the  doctrine  of  spontaneous  generation  obtained  a  new 
point  of  support,  when  the  invention  of  the  microscope  led  to  the 
discovery  of  a  world  hitherto  wholly  unknowTi  and  excessively 
rich  in  forms,  when  it  was  found  that  whenever  an  aqueous 
infusion  of  dead  organic  substance  was  prepared,  after  a  short  time 
an  abundance  of  minute  living  beings  developed  in  it,  which  even 
yet  are  termed  Infusoria.  It  was  fully  believed  that  in  In/iosoria 
organisms  had  been  found  that  were  produced  by  spontaneous 
generation  out  of  the  dead  substances  in  the  infusion.  This  view 
necessarily  seemed  all  the  more  probable  because  the  Infusoria 
were  the  lowest  and  simplest  beings  that  had  been  known  up  to 
that  time.  But  in  this  case  also  it  was  established  later  that  the 
organisms  did  not  originate  spontaneously,  but  were  developed 
from  germs  that  were  previously  contained  in  the  substances  or 
came  mto  the  vessel  through  the  air.  Milne  Eklwards,  Schwann, 
Max  Schultze,  Helmholtz  and  others  showed  that  if  the  substances 
had  previously  been  freed  from  germs  by  boiling,  and  if  germs 
were  prevented  from  entering  through  the  air,  the  development 
of  Infusoria  never  took  place,  however  long  the  infusion  was 
allowed  to  stand. 

When,  later,  the  smallest  of  all  micro-organisms,  the  Bacteria, 
began  to  attract  strongly  the  attention  of  the  scientific  world, 
and  when  it  was  found  by  refined  methods  of  investigation  that 
these  minute  beings  or  their  germs  are  present  everywhere  in  the 
air,  the  earth  and  the  water,  the  doctrine  of  spontaneous  generation 
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seized  upon  them  and  claimed  that  they  as  the  lowest  organisms 
are  continually  arising  at  the  present  time  from  lifeless  matter. 
But  modem  bacteriology,  with  its  admirable  and  delicate  methods, 
for  which  it  is  indebted  to  its  founders,  especially  Pasteur  and 
Robert  Koch,  has  refuted  this  doctrine  again.  It  has  shown  that  by 
the  exclusion  of  all  germs  that  can  come  to  the  preparation 
from  the  outside,  even  the  richest  nutrient  medium,  containing 
all  the  substances  required  for  the  nutrition  of  bacteria  in  the 
most  favourable  mixture,  remains  free  from  micro-organisms ;  and, 
on  the  other  hand,  that  a  whole  world  of  diverse  forms  develop  in  the 
medium  as  soon  as  it  is  left  standing,  for  a  brief  time,  open  to 
the  air. 

Along  with  this  continual  strife  over  the  doctrine  of  spon- 
taneous generation,  attempts  have  been  made,  even  down  to 
very  recent  times,  to  manufacture  living  organisms  artificially 
in  the  laboratory.  The  latest  of  these  attempts  is  associated 
especially  with  the  name  of  Pouchet,  who  was  the  last  active 
iidherent  of  the  view  that  it  is  possible  to  produce  artificially  from 
lifeless  matter  unicellular  organisms,  such  as  bacteria,  yeast,  and 
similar  microbes,  simply  by  mixing  the  necessary  constituents  and 
putting  them  under  favourable  external  conditions.  Even  when 
at  times  these  experiments  have  seemed  to  lead  to  positive  results, 
the  bacteriologists  have  always  appeared  with  their  critical  methods, 
and  have  shown  that  in  every  case  there  was  a  development 
of  germs  that  had  come  in  from  the  outside  or  were  already 
present  in  the  vessels  used  for  the  experiment.  These  attempts 
are  really  not  different  from  the  undertaking  of  the  famulus 
Wagner  to  compound  man  himself  from  chemical  mixtures  in  a 
retort.  How  can  one  hope  to  produce  chemically  even  the 
simplest  organism  when  the  chemical  composition  of  living 
proteids,  the  most  important  substances  of  which  all  living  sub- 
stance consists,  is  at  present  completely  unknown  ? 

To  Haeckel  ('66)  belongs  the  credit  of  having  removed  from 
the  early  absurd  ideas  of  spontaneous  generation  their  sound 
kernel  and  of  having  transferred  it  to  a  purely  scientific  soil. 
For  him  the  question  is  indifferent,  whether  at  the  present  day 
living  substance  arises  anywhere  spontaneously  or  not.  To-day, 
more  than  thirty  years  after  Haeckel  wrote,  and  after  our  know- 
ledge of  the  lowest  organisms  and  their  reproduction  has  made  so 
enormous  a  development,  the  great  majonty  of  investigators  are 
inclined  to  answer  this  question  negatively.  Nevertheless, 
Haeckel  was  the  first  to  draw  sharply  the  conclusion  that  because 
there  was  a  time  when  the  earth  was  in  a  condition  that  excluded 
all  organic  life,  living  substance  must  have  originated  at  some 
time  in  the  earth's  development  from  lifeless  substances.  Accord- 
ing to  him  this  time  cannot  be  dated  earlier  than  when  the  water- 
vapour,  suspended  throughout  the  been  precipi- 
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tated  in  the  form  of  liquid.  Further,  he  ju.stly  lays  the  greatest 
value  upon  the  principle  that  the  organisms  that  arose  by 
spontaneous  generation  must  have  been,  not  cells  but  the  lowest 
and  simplest  organisms  that  can  be  imagined,  "  completely  homo- 
geneous, structureless,  formless  lumps  of  proteid."  It  is  con- 
ceivable that  these  living  proteid  lumps  arose  from  the  mutual 
action  of  substances  dissolved  in  the  primitive  sea.  But  Haeckel 
expressly  refuses  to  discuss  in  detail  the  "  how  "  of  their  origin : 
"  Every  detailed  portrayal  of  autogony  is  for  the  present  inadmis- 
sible, for  the  reason  that  we  can  form  absolutely  no  satisfactory 
idea  of  the  peculiar  condition  presented  by  the  earth's  surface  at 
the  time  of  the  first  appearance  of  organisms."  From  the  very 
simple  and  low  organisms  that  arose  spontaneously,  which  on 
account  of  their  simplicity  Haeckel  termed  Monera,  there  have 
been  derived  by  continuous  descent  the  cells  and  all  forms  of 
organisms  that  to-day  inhabit  the  earth's  surface. 

This  in  its  essentials  is  the  doctrine  of  spontaneous  generation 
in  its  present  form.  Notwithstanding  the  fact  that  its  conclusion  is 
so  simple  and  obvious,  it  has  been  contradicted  on  many  sides  and 
has  led  to  the  establishment  of  other  theories  upon  the  origin  of 
life  upon  the  earth. 

2.  The  Theory  of  Cosmozoa 

The  theory  of  germs  of  lower  organisms  capable  of  life  moving 
about  in  space,  or,  as  Preyer  has  termed  it  in  brief,  the  theory  of 
cosmozoa,  was  the  first  to  appear  in  recent  times  in  opposition 
to  the  doctrine  of  spontaneous  generation.  Its  founder  was 
H.  E.  Richter  ('65,  '70,  and  '71).  Starting  from  the  idea 
that  small  solid  particles  are  moving  about  everywhere  in  space 
and  in  the  rapid  flight  of  the  heavenly  bodies  are  continually 
being  stripped  off  from  them,  Richter  assumes  that,  at  the  same 
time  and  attached  to  these  solid  particles,  germs  of  micro- 
organisms capable  of  life  are  also  continually  being  thrown  off 
from  such  heavenly  bodies  as  are  inhabited  and  earned  to  others. 
If  such  germs  come  to  other  heavenly  bodies  whose  state  of  develop- 
ment presents  favourable  vital  conditions,  especially  moderate  heat 
and  moisture,  they  begin  there  to  develop  and  become  the  starting- 
point  of  a  host  of  organisms.  Somewhere  in  space,  Richter  thinks, 
there  have  always  been  heavenly  bodies  upon  which  life  exists  in 
the  form  of  cells.  The  existence  of  living  cells  in  the  universe  is 
eternal.  "  Omnc  vimtm  ah  a:ternitate  e  cellulaj'  says  Richter,  modi- 
fying anew,  according  to  the  precedent  of  Virchow,  Harvey's  old 
(lictuni.  Organic  life,  therefore,  has  never  originated  but  has 
always  been  transferred  from  one  world  to  another.  Thus, 
according  to  Richter,  the  problem  of  the  origin  of  life  upon  the 
earth  is  not :  How  has  life  arisen  upon  the  earth  ?  but :  How  has 
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it  come  to  the  earth  from  other  worlds  ?  and  this  question  he 
answers  by  the  theory  of  eosmozoa. 

For  the  possibility  that  germs  capable  of  life  came  from  space 
through  the  atmosphere  to  the  earth's  surface,  without  perishing 
from  the  incandescent  heat  arising  from  the  enormous  friction, 
Richter  believes  that  he  finds  a  support  in  the  assertion  of 
observers  that  in  many  meteoric  stones  traces  of  coal  and  even 
humus  and  petroleum-like  substances  occur.  If  these  can  come  to 
the  earth  without  undergoing  combustion  it  is  possible  that  germs 
capable  of  life  also  pass  through  the  atmosphere  without  losing 
their  vital  capacity. 

That  organic  germs  can  endure  a  long  journey  through  space 
from  one  heavenly  body  to  another  without  water  and  food  can- 
not be  doubted,  if  in  apparently  dead  organisms,  such  as  the 
spores  of  micro-organisms,  there  be  recognised  substance  actually 
capable  of  life  that  can  continue  in  its  apparently  dead  condition 
for  a  long  time  without  water  and  food  and  yet  revive  as  soon 
as  it  comes  under  the  required  vital  conditions. 

Independently  of  Richter,  some  years  later  Helmholtz  and  Sir 
William  Thompson  discussed  the  question  whether  life  may  not, 
perhaps,  have  been  transferred  from  other  heavenly  bodies  to  the 
earth ;  and  both  termed  this  view  not  unscientific.  Helmholtz 
('84)  says:  "Meteoric  stones  sometimes  contain  hydrocarbon 
compounds ;  the  intrinsic  light  of  the  heads  of  comets  shows  a 
spectrum  that  is  very  similar  to  that  of  the  incandescent  electric 
light  in  gases  containing  hydrocarbons.  But  carbon  is  the 
characteristic  element  of  the  organic  compounds  of  which  living 
bodies  are  composed.  Who  can  say  whether  these  bodies  that 
swarm  everywhere  through  space  do  not  spread  also  the  germs  of 
life  wherever  a  new  world  has  become  capable  of  affording  a 
dwelling-place  to  organic  creatures  ?  And  this  life  we  might, 
perhaps,  have  reason  to  regard  as  even  allied  to  our  own  in  germ, 
however  various  may  be  the  forms  in  which  it  might  adapt  itself 
to  the  conditions  of  its  new  dwelling-place."  That  meteors  can  be 
the  bearers  of  such  germs  Helmholtz  holds  to  be  entirely  possible, 
since  large  meteoric  stones  in  passing  through  the  atmosphere  of 
the  earth  are  greatly  heated  upon  their  surface  only,  while  in  their 
interior  they  remain  cool.  Helmholtz  says,  further,  regarding  the 
theory  of  eosmozoa :  "  I  cannot  contend  against  one  who 
would  regard  this  hypothesis  as  highly  or  wholly  improbable. 
But  it  appears  to  me  to  be  a  wholly  correct  scientific  procedure, 
when  all  our  endeavours  to  produce  organisms  out  of  lifeless 
substance  are  thwarted,  to  question  whether  after  all  life  has  ever 
arisen,  whether  it  may  not  be  even  as  old  as  matter,  and  whether 
its  germs,  passed  from  one  world  to  another,  may  not  have 
developed  where  they  found  favourable  soil."  "  The  true  alterna- 
tive is  evident :  organic  life  has  either  begun  to  exist  at  some  one 
time,  or  has  existed  from  eternity." 
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3.  Preyers  Theory  of  the  Continuity  of  Life 

By  considerations  of  another  kind,  Preyer  (*80)  has  arrived  at 
a  theory  regarding  the  derivation  of  life  which  is  opposed  to  the 
theories  both  of  spontaneous  generation  and  of  cosmozoa. 

Preyer  cannot  accept  the  idea  of  spontaneous  generation  for 
the  following  reasons.  If  it  be  assumed  that  at  some  one  time  in 
the  earth's  development  living  substance  has  arisen  spontaneously 
from  lifeless  substance,  it  must  be  claimed  that  this  is  pos- 
sible, even  now.  But  the  failure  of  the  innumerable  experi- 
ments directed  toward  this  problem  has  made  it  in  the  highest 
degree  improbable.  On  the  other  hand,  the  supposition  that 
spontaneous  generation  was  possible  only  once  in  the  primaeval 
past,  but  now  no  longer  occurs,  is  likewise  improbable;  "for  the 
same  conditions  that  are  essential  for  the  maintenance  of  life  and 
are  now  realised,  must  necessarily  have  been  realised  also  at  the 
time  of  the  supposed  origin  of  living  from  inorganic  bodies ; 
otherwise,  the  product  of  spontaneous  generation  would  not  have 
been  able  to  continue  living."  In  other  words,  if  spontaneous 
generation  were  once  possible,  it  is  diflScult  to  see  why  it  is  not 
possible  now. 

Preyer  is  likewise  not  able  to  accept  the  theory  of  cosmozoa, 
because  he  sees  in  it  not  a  solution,  but  only  a  postponement  of 
the  problem,  i.c,  a  shifting  of  it  from  the  earth  to  some  other 
world,  the  problem  itself,  however,  always  remaining. 

Proceeding  from  the  inductive  fact  that  organisms  are  always 
derived  from  other  organisms  similar  to  them,  that  thus  far 
observation  has  never  been  able  to  establish  the  origin  of  any 
organism  without  a  parent,  Preyer  raises  the  question  whether 
the  problem  of  spontaneous  generation  may  not  rest  upon  a  false 
conception,  when  it  demands  that  living  substance  shall  at  some 
time  have  originated  from  lifeless  substance.  Must  it  not  rather 
be  formulated  in  the  reverse  order :  has  lifeless  originated  from 
living  substance  ?  Organisms  are  always  derived  from  other 
living  organisms ;  but  inorganic,  lifeless  substance  is  continually 
being  derived  from  both  lifeless  substance  and  living  organisms, 
either  being  excreted  from  the  latter  as  dead  matter  or  remaining 
after  their  death.  In  contrast,  therefore,  to  the  doctrine  of  spontane- 
ous generation,  Preyer  puts  forward  the  theory  that  living  substance 
is  the  primary  thing,  and  that  lifeless  substance  is  derived  from 
it  secondarily  bv  excretion.^  He  thus  demands  that  continuity  in 
the  derivation  of  living  substance  has  never  been  broken.  "  Who- 
ever interrupts  the  series  of  successive  generations  of  orgtinisms  by 
the  introduction  of  a  generation  without  previous  parentage  ;  in 
other  words,  whoever  denies  the  continuity  of  life  is  arbitrary." 

^  Cf.  p.  121. 
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Omne  vivum  e  vivo — this  proposition  has  never  experienced  an 
exception. 

The  consequences  following  from  this  idea  are  very  interesting. 
If  life  upon  the  earth  has  never  been  derived  from  lifeless,  but 
always  from  living  substance,  life  must  have  existed  when  the 
earth  was  still  an  incandescent  body.  In  fact,  Preyer  so  con- 
cludes. He  is,  therefore,  obliged  to  give  to  the  conception  of  life 
a  considerably  wider  scope  than  usual ;  and  to  regard  as  living  not 
only  present  living  substance,  but  also  the  incandescent  liquid 
masses  as  they  existed  at  one  time  in  place  of  protoplasmic 
organisms.  "  If,  however,  we  free  ourselves,"  says  Preyer,  **  from 
the  wholly  voluntary  and  really  improbable  thought  that  only 
protoplasm  of  the  quality  existing  at  present  can  live,  and  from 
the  old  prejudice,  which  is  sustained  simply  by  convenience,  that  at 
first  only  the  inorganic  existed,  then  we  will  not  shrink  from  the  one 
great  step  further,  we  will  lay  aside  spontaneous  generation  and 
recognise  that  vital  motion  has  had  no  beginning.  Omne  vivum  e 
VIVO  ! 

In  accordance  with  these  considerations,  Preyer  sketches  some- 
what as  follows  the  picture  of  the  derivation  of  life  upon  the 
earth.  Originally  the  whole  molten  mass  of  the  earth's  body  was 
a  single  giant  organism.  The  powerful  movement  that  its  sub- 
stance possessed  was  its  life.  When  the  earth's  body  began  to 
cool,  the  substances  that  could  no  longer  remain  in  the  liquid 
state  at  that  temperature,  as,  e.g.,  the  heavy  metals,  were  separated 
out  as  solid  masses,  and,  since  they  no  longer  had  a  share  in  the 
vital  movements  of  the  whole,  formed  dead,  inorganic  substance. 
Thus  arose  the  first  inorganic  masses.  This  process  continued. 
It  is  remembered  that  at  first  hot,  molten  masses  represented  the 
life  of  the  earth.  "  When  in  the  course  of  time  these  compounds 
became  solidified  upon  the  surface  of  the  globe,  or,  in  other  words, 
died,  compounds  of  the  elements  that  thus  far  had  remained  still 
gaseous  and  liquid  appeared,  and  these  became  gradually  more 
and  more  like  protoplasm,  the  basis  of  the  living  substance  of  the 
present  day.  With  the  decrease  of  temperature  and  the  lessened 
dissociations  there  must  constantly  have  appeared  more  complex 
compounds,  chemical  substitutions,  denser  bodies,  and  more  in- 
volved and  correlated  movements  of  the  parts  which  were  being 
massed  closer  together.  Thus,  the  first  forms  of  plants  and 
animals,  resembling  one  another  and  made  possible  by  advancing 
differentiation,  were  able  to  exist." 

"  We  do  not  say,  therefore,  that  protoplasm  as  such  existed 
from  the  beginning  of  the  earth's  formation;  or  that  without 
beginning  it  wandered  as  such  from  elsewhere  out  of  space  to  the 
cooled  earth ;  or,  still  less,  that  without  life  it  became  compounded 
upon  the  planets  out  of  inorganic  bodies,  as  spontaneous  generation 
would  have  it ;  but  we  maintain  that  the  movement  that  exists  in 
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the  universe  without  beginning  is  life,  and  that,  after  the  bodies 
now  termed  inorganic  had  been  separated  out  upon  the  cooling 
surface  of  the  incandescent  planet  by  its  intense  vital  activity,  and 
were  not  able  to  return  again  into  the  hot  liquids  which  gradually 
decreased  in  quantity  because  of  the  progressive  decrease  in 
temperature  of  the  earth's  crust — we  maintain  that,  after  this 
had  occurred,  protoplasm  must  necessarily  have  remained  over. 
The  heavy  metals,  once  organic  elements,  no  longer  melted, 
and  did  not  return  into  the  circulation  from  which  they  had 
been  cast  out.  They  are  the  signs  of  the  rigor  mortis  of  the 
gigantic,  cooling,  primaeval  organisms,  whose  breath  perchance  was 
luminous  iron-vapour,  whose  blood  was  liquid  metal,  and  whose 
food  was  meteorites." 

4.  Pflilger's  Idea 

In  one  of  the  most  suggestive  works  in  physiological  literature 
Pfluger  ('75, 1)  has  discussed  very  fully  the  question  of  the  origin 
of  life  upon  the  earth,  and  has  defended  the  idea  of  spontaneous 
generation,  that  living  substance  originated  upon  the  earth  itself 
out  of  lifeless  substances.  Pfluger's  ideas  are  especially  valuable 
in  that  in  a  strictly  scientific  manner  he  discusses  the  problem  in 
intimate  connection  with  the  facts  of  physiological  chemistry,  and 
follows  it  out  far  into  detail. 

The  essential  point  of  PflUger*s  investigation  is  constituted  by 
the  chemical  characteristics  of  proteid  as  that  substance  with 
which  life  in  its  essentials  is  inseparably  united.  There  exists  a 
fundamental  difference  between  dead  proteid,  as  it  occurs,  e,g.,  in 
egg-albumin,  and  living  proteid,  as  it  constitutes  living  substance ; 
this  difference  is  the  self-decomposition  of  the  latter.  All  living  sub- 
stance is  continually  being  decomposed,  in  some  degree  spontane- 
ously and  more  through  outside  influences,  while  dead  proteid  under 
favourable  conditions  remains  intact  for  an  unlimited  time.  The 
chief  condition  of  this  decomposition  is  intramolecular  oxygen, 
i.e.,  the  oxygen  that  occurs  in  the  living  proteid  molecule,  and 
is  continually  being  received  by  it  from  the  outside  through 
respiration.  That  this  oxygen  is  the  essential  condition  follows 
from  the  fects  that  during  the  decomposition  carbonic  acid  is  con- 
tinually being  formed,  and  that  carbonic  acid  does  not  arise  from 
living  proteid  by  direct  oxidation  of  the  carbon  and  a  simple 
splitting-off  of  the  carbonic  acid  molecule,  but  by  dissociation,  i.e., 
by  an  internal  rearrangement  of  the  atoms  and  the  separation  of 
new  atomic  groups  from  one  another.  Living  substance  must 
contain  oxygen  already  in  combination  in  the  living  molecule, 
and  in  the  decomnosition  a  rearrangement  must  take  place,  other- 
wise it  cannot  be  conceived  how,  as  Pfluger  has  shown  upon  frogs, 
animals  can  exist  longer  than  a  day  without  free  oxygen  in  an 
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atmosphere  of  nitrogen  and  yet  constantly  expire  carbonic  aciti. 
Why  the  addition  of  oxygen  will  transform  a  more  stable 
molecule  into  a  more  labile  condition  becomes  clear  when  it  is 
borne  in  mind  that,  as  Kekiile  has  shown,  in  all  organic 
chemistry  there  is  no  single  molecule  that  contains  enough  oxygen 
to  oxidise  all  the  hydrogen-atoms  of  the  molecule  to  water  and 
alt  the  carbon-atoms  to  carbonic  acid,  For  this  reason  molecules 
are  more  or  less  stable  and  not  inclined  to  dissociation,  unlesH 
other  chemical  causes  bring  in  some  lability.  If,  however,  suffi- 
cient oxygen  be  introduced  to  ensure  the  possibility  of  the 
oxidation  of  the  atoms  of  carbon  and  of  hydrogen  into  the  stable 
molecules,  carbonic  acid  and  water,  by  intramolecular  rearrange- 
ment, the  power  of  decomposition  must  become  increased,  for  the 
affinity  of  carbon  and  hydrogen  for  oxygen  is  very  great.  Thus, 
the  great  inclination  of  living  substance  to  decomposition  is  con- 
ditioned essentially  by  the  intramolecular  oxygen. 

A  comparison  of  the  decomposition -prod  nets  of  living  proteid 
and  those  obtained  by  the  artincial  oxidation  of  dead  proteid  is  of 
great  importance.  The  significant  fact  here  appears,  that  the 
n  on -nitrogenous  pivxlucts  of  the  latter  agree  essentially  with  those 
of  the  former,  but  that  "  the  great  majonty  of  the  nitrogenous  pro- 
ducts [of  the  latter]  have  not  even  a  remote  similarity  to  the 
majority  of  those  arising  in  the  living  body."  It  follows  that,  as 
regards  its  non-nitrogenous  groups  of  atoms,  its  hydrocarbon 
radicals,  living  proteia  cannot  be  essentially  different  from  dead 
proteid,  but  that  a  fundamental  difference  must  exist  as  regards 
the  nitrogenous  radicals.  Here  a  starting-point  for  further  con- 
sideration is  affortled  by  the  fact  that  of  the  nitrogenous  decom- 
position-products of  living  proteid,  such  as  uric  acid,  creatin,  and, 
moreover,  the  nuclein  bases,  guanin,  xanthin,  hypoxanthin,  ami 
adenin,  a  part  contain  cyanogen,  CN,  as  a  radical,  and  a  part,  like 
urea,  the  most  important  of  all  the  nitrogenous  decomposition- 
products  of  living  proteid,  can  be  produced  artificially  from 
cyanogen  compounds  by  a  rearrangement  of  the  atoms.  This 
points  strongly  to  the  probability  that  living  proteid  contains 
the  radical  cyanogen,  and  thus  differs  fundamentally  from  dead 
or  food-proteid.  PflUger  thereupon  says :  "  In  the  formation 
of  cell-substance,  i.e.,  of  living  proteid,  out  of  food-proteid,  a 
change  of  the  latter  takes  place,  the  atoms  of  nitrogen  going 
into  a  cyanogen-like  relation  with  the  atoms  of  carbon,  probably 
with  the  absorption  of  considerable  heat."  That  considerable 
heat  is  absorbed  in  the  formation  of  cyanogen  follows  from  the 
fact  that,  as  calori metric  investigations  show,  cyanogen  is  a 
radical  possessing  a  great  quantity  of  internal  energy.  Bv  the 
addition  of  cyanogen  to  the  living  molecule,  therefi 
'•  introduced  into  tne  living  matter  energetic  internal 
Accordingly,  the  great  property  of  decomposition 
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living  proteid  is  explained  as  the  result  of  the  absorption  of 
oxygen ;  for.  since  the  atoms  of  cyanogen  are  in  active  vibration, 
the  carbon-atom  of  the  cyanogen  at  the  approach  of  two  oxygen- 
atoms  will  pass  out  of  the  sphere  of  influence  of  the  nitrogen- 
atom  into  that  of  the  oxygen,  and  will  unite  with  the  latter  into 
carbonic  acid.  Thus  the  cause  of  the  formation  of  carbonic  acid, 
ix,y  of  the  decomposition  of  living  substance,  lies  in  the  cyanogen, 
and  the  amditirm  is  the  intramolecular  introduction  of  oxygen. 

The  idea  that  it  is  the  cyanogen  especially  that  confers  upon 
the  living  proteid  molecule  its  characteristic  properties  is 
supported  especially  by  many  analogies  that  exist  between  living 
proteid  and  the  compounds  of  cyanogen.  In  the  first  place,  a 
product  of  the  oxidation  of  cyanogen,  cj-anic  acid,  HCNO, 
possesses  great  similarity  to  liWng  proteid.  Pfliiger  calls 
attention  to  the  following  interesting  points  of  comparison.  Both 
bodies  grow  by  poljTnerisation,  by  chemically  combining  similar 
molecules  like  chains  into  masses ;  the  growth  of  living  substance 
takes  place  thus,  and  in  this  way  also  the  poI}'meric  cyamelid, 
HnCn^»On,  comcs  from  cyanic  acid,  HCNO.  Further,  both 
bodies  in  the  presence  of  water  are  spontaneously  decomposed  into 
carbonic  acid  and  ammonia.  Both  afford  urea  by  dissociation, 
'i.e.,  by  intramolecular  rearrangement,  not  by  direct  oxidation. 
Finally,  both  are  liquid  and  transparent  at  low  temperatures,  and 
coagulate  at  higher  ones,  cyanic  acid  earlier,  living  proteid  later. 
"This  similarity,"  says  PflUger,  "is  so  great  that  I  might  term 
cyanic  acid  a  half-living  molecule." 

These  points  of  view  yield  most  important  suggestions  con- 
cerning the  question  how  life  may  have  arisen  upon  the  earth. 
"  When  we  think  of  the  beginning  of  organic  life,  we  must  not 
think  primarily  of  carbonic  acid  and  ammonia :  for  they  are  the 
end  of  life,  not  the  beginning."  "  The  beginning  lies  rather  in 
cyanogen." 

Hence  the  problem  of  the  origin  of  living  substance  culminates 
in  the  question :  How  does  cyanogen  arise  ?  Here,  organic 
chemistry  presents  the  highly  significant  fact,  that  cyanogen  and 
its  compounds,  such  as  potassium  cyanide,  ammonium  cyanide, 
hydrocyanic  acid,  cyanic  acid,  etc.,  arise  only  in  an  incandescent 
heat,  e.g.,  when  the  necessarj'  nitrogenous  compounds  are 
brought  in  contact  with  burning  coal,  or  w^hen  the  mass 
is  heated  to  a  white  heat.  '*  Accordingly,  nothing  is  clearer 
than  the  possibility  of  the  formation  of  cyanogen-compounds 
when  the  earth  was  wholly  or  partially  in  a  fiery  or  heated  state." 
Moreover,  chemistr}^  shows  how  the  other  essential  constituents  of 
])n)teid,  such  as  the  hydrocarbons,  the  alcohol  radicals,  etc.,  can 
likewise  arise  synthetically  in  heat. 

•  It  is  seen  how  strongly  and  remarkably  all  facts  of  chemistry 
point  to  fire  as  the  force  that   has  produced   by  synthesis   the 


THE  OBNBRAL  CONDITIONS  OF  LIFE  S07 

coDstituents  of  proteid.  In  other  words,  life  is  derived  from  fire, 
and  its  fundamental  conditions  were  laid  down  at  a  time  when  the 
earth  was  still  an  incandescent  balL" 

"  If  now  we  consider  the  immeasurably  long  time  during  which 
the  cooling  of  the  earth's  aui-face  dragged  itself  slowly  along, 
cyanogen  and  the  compounds  that  contain  cyanogen-  and  hydro- 
carbon-substances had  time  and  opporttinity  to  indulge  extensively 
thoir  great  tendency  toward  transformation  and  polymerisation 
and  to  pass  over  with  the  aid  of  oxygen,  and  later  of  water  and 
salts,  into  that  self-destructive  proteid,  living  matter." 

Pfliiger  thereupon  summarises  his  ideas  in  the  following 
sentences :  "  Accordingly,  I  would  say  that  the  first  proteid  to 
arise  was  living  matter,  endowed  in  all  its  radicals  with  the 
property  of  vigorously  attracting  similar  constituents,  adding 
them  chemically  to  ita  molecule,  and  thus  growing  ad  infinitum. 
According  to  this  idea,  living  proteid  does  not  need  to  have  a 
constant  molecular  weight;  it  is  a  huge  molecule  undergoing 
conijtant,  never-ending  lormation  and  constant  decomposition,  and 
probably  behaves  toward  the  usual  chemical  molecules  as  the  sun 
behaves  toward  small  meteors," 

"  In  the  plant,  living  proteid  simply  continues  to  do  what  it  has 
always  done  since  its  origin,  i.e..  regenerate  or  grow ;  wherefore  I 
believe  that  all  proteid  existing  in  the  world  to-day  was  derived 
directly  from  the  first  proteid.  Therefore,  I  am  doubtful 
about  the  occurrence  of  spontaneous  generation  at  the  present 
lime.  Comparative  biology  also  points  unmistakably  to  the  idea 
that  all  living  substance  has  taken  its  origin  from  a  single  root 
only." 


B.   CBITICAL 

1,  EU-mily  or  Biginning  of  Living  Substance  I 

Among  the  ideas  regarding  the  derivation  of  life  upon  the  earth 
that  are  contained  in  the  theories  just  presented,  two  notions 
stand  in  sharp  contrast  to  one  another.  This  contrast  finds 
expression  in  the  alternative  already  set  forth  by  Helmholtz ' : 
"  Organic  life  either  has  begun  to  exist  at  some  one  lime  or  has  existed 
from  etemiiy"  The  former  notion  lies  at  the  foundation  of  the 
doctrine  of  spontaneous  generation,  the  latter  at  that  of  the 
theory  of  cosmozoa,  and  in  a  certain  sense  at  the  basis  of  Preyer's 
theory  also.  Evidently  the  two  notions  are  mutually  exclusive.  If 
one  is  accepted,  the  other  must  be  rejected,  To  which  of  the  two 
shall  we  adhere  ? 

We  will  test  first  the  theory  of  cosmozoa.  According  to  it  life  has 
never  originated,  but  has  existed  in  the  universe  from  eternity,  and 


has  simply  been  triuisferred  from  fine  world  to  another.  In  the 
present  condition  of  our  knowledge  it  is  scarcely  possible  to  obtain 
a  direct  contnuliction  of  this  doctrine  and  conclusive  proof  of  it« 
impossibility.  This  will  bo  true  so  long  as  experience  does  not 
suffice  to  enable  us  to  recognise  as  wholly  impossible  the  transfer 
of  protoplasmic  germs  capable  of  life  from  one  world  to  another. 
But,  although  direct  contradiction  of  the  doctrine  is  at  present 
impossible,  the  thought  that  living  substance  has  existed  from 
eternity  and  has  never  originated  from  inorganic  substance  appears 
in  the  highest  degree  improbable. 

As  a  comparison  of  organisms  and  inorganic  bodies  has  shown,^ 
organisms  originate  only  from  those  chemical  elements  that 
occur  in  inorganic  matter  also,  and  differ  from  the  latter  only  in 
the  chemical  compounds  of  which  they  are  composed.  The  essen- 
tial compounds  of  living  substance,  proteids.  do  not  stand,  therefore, 
in  fundamental  contrast  to  inoi^nic  compounds,  and  differ  from 
the  latter  no  more  than  these  diner  from  one  another.  Hence  any 
general  consideration  that  is  formulated  regarding  the  derivation 
of  living  substance,  especially  of  proteid,  must  be  equally  applic- 
able in  its  fundamental  points  to  inorganic  compounds,  such  as 
minerals,  feldspar,  tjuartz,  etc  But  it  is  shown  more  clearly  in 
non-living  than  in  living  substance  to  what  untenable  consequences 
the  idea  that  lies  at  the  foundation  of  the  doctrine  of  cosmozoa 
leads ;  for,  if  it  be  assumed  that  the  complex  compounds  of  living 
substance,  especially  proteids,  have  never  originated,  but  have 
existed  from  eternity  somewhere  in  space  and  have  come  thence  to 
the  earth,  with  the  same  logic  and  the  same  degree  of  probability  it 
must  be  assumed  that  inorganic  compounds  also,  quartz  and  feldspar, 
have  always  been  present  as  such  somewhere  in  space,  and  have  come 
U)  the  earth  through  space  from  another  world.  And  if  this  line  of 
thought  be  carried  out  to  all  chemical  compounds  composing  the 
earth,— and  it  is  as  probable  of  them  aa  of  the  compounds  of  living 
substance^it  would  lead  to  the  absurd  conclusion  that  all  of  the 
earth's  compounds  have  wandered  already  complete  as  such  from 
outside  into  our  planetary  system.  Scarcely  any  man  of  science 
would  be  willing  to  accept  this  conclusion ;  every  geologist  is 
acquainted  with  examples  of  minerals  that  demonstrably  have 
originated  as  such  chemically  upon  the  earth,  and  every  chemist 
manufactures  daily  in  his  laboratory  chemical  compounds  out  of 
simpler  substances.  Ko  thinking  chemist,  indeed,  now  doubts  that 
even  the  so-called  chemical  elements  did  not  exist  originally  as 
such,  but  that  those  elements  possessing  high  atomic  weight  have 
been  derived  by  condensation  from  those  having  less  atomic  weight. 
If  tho  final  conclusion  be  deduced  from  the  cosmosoan  ideas,  all 
evolution,  not  only  of  living  substance  but  of  tho  whole  earth,  must 
be  denied ;  for,  if  all  compounds  have  existed  as  such  &i)m  eternity 
'  r/p.  ii8cr/o/(/. 
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and  have  never  origiDntcd  from  simple  substances,  evolution  has  not 
taken  place.  This  is  the  Inexorable  consequence  of  a  full  acceptance 
of  the  cosmozoan  doctrine.  We  repeat  that  one  has  no  nght  to 
assume  for  feldspar  a  principle  of  derivation  different  from  that 
assumed  for  albumin.  Both  are  compounds  of  chemical  elements. 
One  fundamental  fact  in  plant  physiology'  practically  contra- 
dicts the  assumption  that  life  has  never  originated  from  inorganic 
substJtnces ;  namely,  at  the  present  time  living  substance  is  con- 
tinually being  formed  in  the  plant-cell  from  simple  inorganic 
compounds,  carbonic  acid,  water,  sulphates,  nitrates,  etc.  Between 
the  small  seed  put  into  the  earth  in  the  spring  and  the  huge  plant 
that  grows  from  it  during  the  summer,  an  enormous  quantity  of 
living  substance  has  been  formed  out  of  the  purely  inorganic  sub- 
stances of  the  environment,  and  when  winter  comes,  almost  the 
whole  quantity  of  this  livinc;  substance  returns  again  to  simpler 
inorganic  compounds.  It  is  here  seen  how  inseparably  related  are 
inorganic  and  organic  nature,  how  living  substance  is  originating 
continually  from  lifeless  substance,  and  is  continually  being  decom- 
posed again  into  lifeless  substance.  Nageli  ('84),  one  of  the  most 
talented  botanists, says  rightl)':  "One  tact — that  in  organisms  inor- 
ganic substance  becomes  organic  substance,  and  that  the  organic  re- 
turns completely  to  the  inorganic — is  sutBcient  to  enable  uato  deduce 
by  means  of  the  law  of  causation  the  spontaneous  origin  of  organic 
nature  from  inorganic."  "  If  in  the  physical  world  all  things  stand 
in  causal  connection  with  one  another,  if  all  phenomena  proceed 
along  natural  paths,  then  organisms,  which  build  themselves  up 
from  and  finally  disintegrate  into  the  substances  of  which  inorganic 
nature  consists,  must  have  originated  primitively  from  inorganic 
compounds.  To  deny  spontaneous  generation  is  to  proclaim  a 
miracle." 

In  a  sense  entirely  different  from  that  of  the  doctrine  of  coa- 
mozoa,  which  has  met  with  little  acceptance,  Preyer,  in  his 
theory,  interprets  life  as  without  beginning  and  eternal.  He 
says :  The  living  substance  now  inhabiting  the  earth's  surface 
is  derived  by  continuous  descent  from  the  substances  that  once 
in  a  melted  condition  constituted  the  earth's  mass.  Not  to 
term  the  latter  substances  living  would  be  arbitraiy,  since  no 
sharp  limit  can  be  established.  Since,  however,  these  substances 
are  derived  from  the  sun's  mass,  and  the  latter  forms  simply 
a  portion  of  the  matter  of  the  universe,  which  is  in  eternal 
motion,  so  life,  which  itself  is  only  a  complex  process  of  motion, 
is  as  old  as  matter, 

It  is  evident  that  the  essential  difference  between  Preyer's 
theory  and  the  doctrine  of  spontaneous  generation  consists  in  a 
different  understanding  of  the  conception  of  life.  Following  the 
usage  of  language,  the  doctrine  of  spontaneous  generation  terms 
living  only  hving  substance  as  it  is  now  recognised,  in  contra- 
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disiinction  from  lifeleae  sahstance:  while  Preyer  extends  the 
cmKeption  much  farther,  even  to  incandescent  mixtures,  which 
have  not  the  slightest  similarity  to  present  living  substance  except 
that  they  are  in  energetic  moti<ML  If  this  wide  extension  of  the 
conception  of  life  be  accepted,  no  objection  can  be  raised  against 
the  other  consequences  of  Preyer  s  theory.  It  is.  however.  questi«i- 
able  whether  it  is  judicious  <»-  aUowable  to  carry  the  vital  con- 
ception  so  &r. 

The  conc^yticm  of  living  substance,  as  scientifically  established 
at  the  present  time,  has  arisen  from  an  exact  comparison  of 
existing  living  organisms  and  existing  inorganic  bodies.  As  has 
be^n  seen,^  there  is  but  one  absolute  difference  between  these  two, 
and  this  consists  in  the  metaboUsm  •>f  pn>teids.  No  in<:»rganic 
body  possesses  proteid.  On  the  other  hand.  pD>teid  is  n«:»t  wanting 
in  any  organian :  and  that  which  constitutes  the  life  of  an  organism, 
whezein  the  living  differs  from  the  dead  organism,  is  the  meta- 
bolism of  the  proteid.  This  difference  between  living  orgamsms 
and  dead  inorganic  bodies,  although  not  frmdamentai  or  elementary. 
is.  nevertheless,  profound  and  affords  the  sole  means  of  sharply 
characterising  Hving  substance.  If  it  be  nullified  by  terming 
*- living '^  bodies  that  cannot  contain  proteid.  such  as  the  incan- 
descent masses  of  the  once  fiery  globe,  the  advantage  aff«:»rded  by 
a  sharp  definition  is  wholly  i«3st.  and  the  ci>ncepti«:*Q  of  living 
substance  is  dissipated. 

But  here,  from  the  standpoint  of  Preyers  ther-ry.  thr  '^ri-esti'ipo 
mav  be  raised :  If  the  Hvins:  substance  of  t»:»Hiiav  is  cehveii  in 
uninterrupted  descent  frijm  molten  mixtures,  wherv  is  thr-  limit 
bey»>od  which  the  substance  may  be  termeii  living  '  Thi-  qaets- 
ti«:»n  assumes  a  p:-stulate  that  is  wholly  unsuppi-rtei.  vLz..  that 
there  was  a  gradual,  uninterrupted  tran>iti*>n  berweec  ch-  ni«>Itern 
mixtures  ami  the  pn>ttrids.  Hitherto  we  have  laid  ijiva:  s:res«s 
up>n  the  idea  that  no  fundamental  differen«?e  exists  t«e:ween 
hteless  substances  and  organisms :  but  it  canu'-t  be  pniv^^i  that 
an  unintermpced  transiti*.^  between  molten  snbs:an*>fs  and 
organisms  existed.  It  is  known.  m*:»reover.  that  when  two  oheni- 
i«:al  •X'mp.'unds  act  up.^n  ^-ne  an«>ch»rr.  the  resulting  S7ibstan*»s  are^ 
n«- -t  necessarilv  joined  with  the  c-ri^inai  substan«>rs  bv  rransitio-c- 
sta^»rs.  however  different  they  may  be  tn>ci  theni.  Re-arnniin^  zh*T 
rr!a::-.cs  that  may  hav^r  p»revuileii  upi^n  the  earth's  sr.r!iv>r  ^hen 
wi:rr  's-is  preeipitateii  as  Li*|-i:d.  we  •.'anno?:  f-.-mi  tv^tH  an  .ii-pn.-xi- 
i^.i:-  i-i-rii.  TLt  :d*ra  that  living-  ppjCeM  ^-rl^liLattr^ i  •^r-h.-riz 
tr-iJi -:::•!!  *-'T  zz-  A«:ti':'C.  •:?  b»>ii*rs  wh«.-LLv  .ii^rnec:  fr».-c-  ::  oh-fmi- 
y.i.r/  ^i-rn  thr  pr.-p^r  o>Q«ii:ivcs  exis'e^l.  '*'...ril,i  be  a:  l-riist  as 
ir  Z'.z.r:  JLS  rh-  :»i»ra  -.-i  ;i  £T*»*i-iaI  descen:  assx'iat'f^i  ^i:h  'ininter- 
-"  '  '-*i  'nr^si'i'-CS. 

F  ir:2r--   Pr^y-rr  in^pii-es  that  the  in«:aG«iescen*  m.isjr-es  :•:•  ^h>*h 

'V.  p.  I.H5. 
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he  extends  the  conceptiun  uf  lite  have  had  a  metabolism.  This 
cannot  be  substantiated.  It  cannot  be  doubted,  indeed. that  these 
oessed  an  extremely  energetic  internal  motion ;  and, 
;  is  nothing  but  a  complex  motion,  to  which  even"  other 
molecular  motion  is  allied  in  principle.  Nevertheless,  vital  mo- 
tion, metabolism,  is  a  complex  motion  very  sharply  characterising 
the  living  organism ;  it  consists  in  the  continual  self-decomposition 
of  living  siitffltance,  the  giving-off  to  the  outaide  of  the  decom- 
position-products, and,  in  return,  the  taking-in  from  the  outside  of 
certain  substances,  which  give  to  the  organism  the  material  with 
which  to  regenerate  itself  and  grow  by  the  formation  of  similar 
groups  of  atoms,  i.e.,  by  polymerisation.  This  is  characteristic  of 
all  living  substance.  But  that  this  peculiar  complex  motion 
existed  in  the  incandescent  mixtures  of  the  earth  and  has  suffered 
no  interruption  from  that  time  down  to  the  present  living  sub- 
stance, is  in  a  high  degree  doubtful.  Mixtures  of  this  kind,  which, 
as  lava,  can  be  observed  at  the  present  day  in  volcanoes,  and  there 
are  still  at  so  high  a  temperature  that  in  flowing  from  a  cleft  of  the 
crater  over  a  precipice  they  present  the  wonderfully  fascinating 
.spectacle  of  an  incandescent  waterfall — these  extremely  liquid 
mixtures,  however  mobile  they  may  be,  show  no  metabolism  in  the 
real  sense,  and  hence  should  not  be  termed  living.  Nor  can  the 
original  incandescent  mass  of  the  earth  be  so  termed  deliberately. 
however  impressive  and  suggestive  Preyer's  theory  is.  There  then 
remains  as  the  sole  difference  between  Preyer's  doctrine  and  that 
of  spontaneous  generation  the  point  involved  in  the  very  unessen- 
tial question,  whether  living  substance  has  come  from  lifeless 
substance  gradually  and  by  imperceptible  transitions ;  or  whether 
it  has  been  formed  more  directly,  as  is  the  product  of  two  bodies 
in  a  chemical  reaction  in  a  test-tube,  and  has  taken  on  its 
characteristic  properties.  In  neither  case  will  the  conclusion  be 
avoided  that  living  substance  once  came  from  substances  that  are 
customarily  termed  lifeless. 


2.   The  Descent  of  Living  Sithdaiux 

Upon  the  basis  of  the  ideas  developed  by  Pfliiger  we  are  now  in 
a  position  to  form  in  gross  outline  an  approximate  idea  of  the  origin 
of  life  upon  the  earth.  The  beginnings  of  living  substance  reach 
ilown  into  the  time  when  the  earth's  surface  was  still  incandescent. 
The  compounds  of  cyanogen  then  present  constitute  the  essential 
material  from  which  living  substance  took  its  origin.  With  their 
property  of  ready  decomposition  they  were  forced  into  coirelation 
with  various  kinds  of  compounds  of  carbon,  whose  origin  was  due 
likewise  to  the  great  heat.  When  water  was  precipitated  in  the 
form  of  liquid  upon  the  earth's  surface,  th**"  ~        mnds  § 
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into  chemical  relations  with  the  water  and  its  dissolved  salts  and 
gases,  and  thus  originated  living  proteids,  i.e.,  extremely  labile 
compounds,  which  like  other  compounds  containing  the  cyanogen- 
radical  are  distinguished  by  their  tendency  toward  decomposition  and 
polymerisation,  and  which  form  the  essential  constituents  of  living 
substance.  This  first  living  substance,  which  was  formed  spon- 
taneously out  of  lifeless  substance,  was  very  simple  and  showed 
no  differentiations.  It  is  very  probable  that  it  did  not  have  the 
morphological  value  of  cells,  i.e.,  that  its  mass  was  not  yet 
separated  into  different  substances,  such  as  nucleus  and  proto- 
plasm, but  rather  was  homogeneous  in  all  its  parts,  as  Haeckel 
assumes  for  his  Monera, 

Such  an  idea  of  the  origin  of  living  substance  has  at  present 
some  degree  of  probability  in  its  favour.  It  is  quite  possible  that 
in  the  future  it  will  be  considerably  modified  in  its  details.  Yet 
further  speculation  at  present  regarding  the  details  is  of  little 
value,  since  the  stage  upon  which  living  substance  made  its  first 
appearance  and  the  conditions  then  prevailing  are  known  so  in- 
definitely. But  with  living  substance  already  present  upon  the 
earth  we  are  upon  firmer  ground ;  for  here  is  the  point  where  the 
doctrine  of  descent,  founded  by  Lamarck  and  Darwin,  and  de- 
veloped especially  by  Haeckel,  Weismann  and  their  pupils,  comes 
in  and  elucidates  the  farther  history  of  this  substance  down  to  the 
present  day. 

It  would  lie  outside  the  purpose  of  these  pages  to  speak  of  the 
whole  enormous  complex  of  ideas  that  led  to  the  founding  of  the 
doctrine  of  descent.  It  is  sufficient  to  point  to  the  chief  factors, 
the  correctness  of  which  no  thinking  man  of  science  at  present 
doubts. 

As  is  well  known,  the  theory  of  descent  teaches  that  all  the 
multiferious  organisms  that  live  to-day  and  have  lived  at  any 
time  upon  the  earth's  surface  are  derived  in  unbroken  descent 
from  the  first  and  simplest  living  substance  that  originated  from 
lifeless  substances,  and  that,  therefore,  all  organisms  stand  in  true 
genetic  relationship  to  one  another.  The  continuity  of  the  organic 
series  during  historic  time  needs  no  special  proof;  for  simple 
observation  shows  that  every  organism  is  derived  from  another 
organism  similar  to  it,  that  the  continuity  of  descent  is  never 
broken.  But  for  the  long  geological  periods  elapsing  between  the 
appearance  of  the  first  organisms  and  historic  time,  direct  observa- 
tion is  naturally  wanting.  Here  nature  has  preserved  certain 
records  in  which  are  found  entered,  although  more  or  less  incom- 
pletely, the  history  of  the  evolution  of  the  organic  race. 

The  first  record  is  deciphered  by  Pcdaxnitology ,  or  the  science  of 
fossils.  Fossils  are  the  testimony  that  nature  has  laid  down 
in  the  strata  of  the  earth's  crust  regarding  the  existence  and 
chamcter  of  earlier  organisms.     By  the  study  of  fossils  palaeon- 


THE  GENERAL  CONDITIONS  OF  LIFE 


ai3 


tology  reconstructs  to  a  certain  degree  the  organic  world  that 
inhabited  the  earth's  surface  at  the  times  when  the  strata 
were  formed,  Thus  the  ancestry  of  existing  animalB  and  plants 
is  learned.  It  is  seen  that  existing  forms  are  vcr)'  einiilar  to 
those  that  occur  in  the  latest  strata :  that  the  forms  become 
more  dissimilar  the  farther  we  go  toward  the  earliest  strata  ;  and 
that  large  groups  of  organisms,  which  are  now  considered  to  be 
widely  separated  from  one  anothur,  have  in  the  older  strata 
common  ancestors,  which  combine  in  themselves  the  characteristics 
of  several  groups.  In  the  very  earliest  strata  are  found  lower 
animals  and  plants  only,  no  vertebrates  and  no  flowering- plants 
occur.  For  every  one  who  is  not  wedded  to  a  blind,  supernatural 
faith  concerning  creation,  and  who  does  not  prefer,  in  accordance 
with  the  biblical  account,  to  think  of  every  form  of  organism  as 
proceeding  byitself  from  the  hand  of  a  personal  Creator,  there  is  only 
a  bingle  natural  explanation  of  all  pattpontological  facts  ;  namely, 
that  the  whole  world  of  organisms,  living  to-day  and  living  in  the 
past,  forms  a  single,  great  genealogical  tree,  the  germ  of  which  was 
the  first  living  substance  that  appeared  upon  the  earth.  This 
germ  developed  into  a  mighty  growth  with  innumerable  branches 
and  twigs  and  leaves ;  its  last  shoots  are  seen  in  the  organisms 
of  to-day,  its  older  branches  lie  buried  in  the  earth.  Unfortunately, 
the  patteontological  record  is  very  imperfect ;  for,  on  the  one  hand, 
only  a  very  small  fraction  of  the  earth's  strata  is  accessible  to 
investigation — ^the  greater  portion  of  the  crust  is  covered  by  the 
sea ;  and,  on  the  other  hand,  the  preservation  of  organisms  is  very 
incomplete,  since  they  can  be  imbedded  only  under  very  definite 
conditions  without  becoming  destroyed  by  the  impact  of  the 
wa\'es,  by  decomposition,  etc.  In  iact,  organisms  that  did  not 
possess  protecting  skeletal  parts  have  been  preserved  hardly 
at  all,  because  their  delicate  bodies  disintegrated  immediately 
after  death.  It  thus  comes  about  that  in  the  investigation 
of  the  oldest  and  simplest  organisms,  which  possessed  no 
protecting  skeletal  parts,  the  palteontological  rocora   fails. 

Comparative  anatomy  deals  with  the  second  record,  which  is 
presented  in  the  homologies  of  the  individual  organs  of  existing 
organisms.  By  the  dissection  of  organisms  into  their  smallest 
parts  and  by  the  comparison  of  individual  organs  and  systems  of 
organs  belonging  to  different  groups  of  organisms,  comparative 
anatomy  estabUshes  the  fact  that  as  regards  their  essential 
organic  systems  certain  groups  of  organisms  agree  with  others 
to  a  certain  extent.  This  fact  can  be  interpreted  rationally  only 
by  the  assumption  of  a  natural  relationship  between  si 
organisms;  in  general  such  a  relationship  is  closer,  the  more 
homologies  occur,  and  the  more  remote,  the  more  differences  are 
present;  for  the  homologies  can  be  due  only  to  the  lac''  "' 
iit   some  time   in   the   early   past    the   organisms   ha<l    o 
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ancestors  which  possesssed  the  features  in  question.  Of  couiae  the 
record  of  comparative  anatomy  is  also  very  incomplete,  for  existing 
organisms  are  only  the  surviving  tips  of  the  various  twigs  of 
the  genealogical  tree,  between  which  the  other  twigs  and 
brancnes  have  perished.  But  here  the  palteontological  i-ecord 
supplements  the  facts  of  couiparative  anatomy  up  to  a  certain 
degree  very  satisfactorily, 
by  making  the  dead 
branches  accessible  to 
ciimpanBon  with  the  still 
living  ones.  An  example 
will  illustrate  this.  Upon 
comparative  -  anatomical 
grounds  the  conviction 
was  formed  that  birds 
stand  in  very  close  rela- 
tionship to  reptiles,  but 
forms  that  might  be 
considered  as  common 
ancestors  of  the  two  or 
were  close  to  their  ances- 
tors were  not  known. 
There  was  then  dis- 
covered in  the  quarries 
of  the  lithographic  slates 
of  Solenhofen  a  fossil 
animal  about  the  size  of 
a  pigeon,  the  now  well- 
known  Archceiipteryx  woe- 
/T**-KB,  which  possessed  the 
characteristics  of  both 
bird  and  reptile ;  it  had 
the  jaws  of  a  lizard  with 
teeth,  the  spinal  column 
of  a  lizard,  and  a  long 
lizard-like  tail :  but  its 
whole  body  was  covered 
with  bird's  feathers,  which 
were  impressed  upon  the 
rock  most  delicately  (Fig.  134).  By  this  and  similar  palseonto- 
logical  discoveries  the  kinship  of  the  birds  and  the  reptiles,  which 
was  inferred  from  comparative  anatomy,  was  very  brilliantly  con- 
firmed.    Similar  examples  may  be  cited  in  great  number. 

Finally,  emln-ydogy,  or  individual  germinal  development  (onto- 
geny), deals  with  the  third  important  record  of  descent.  As  is 
well  known,  the  germs  of  plants  and  of  animals  from  their  simplest 
condition,   the  egg-cell,  pass  through  a  long  series  of  develop- 
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mental  stages  before  they  come  to  resemble  the  mother  from  which 
they  are  derived. 

Since  ancestors  transmit  their  characteristics  to  their  de- 
scendants, these  developmental  stages  become  of  extraordinary 
importance  in  gaining  a  knowledge  of  the  ancestral  series ;  for, 
since  they  represent,  in  gross,  forms  inherited  from  ancestors, 
they  indicate,  although  in  rude  outline  only,  the  developmental 
forms  that  have  once  appeared  in  succession  in  the  ancestral 
series.  In  other  words,  tne  forms  that  appear  in  the  germinal 
development  or  ontogeny  of  an  individual  recapitulate  in 
gross  the  series  of  forms  of  the  ancestors  of  the  organism 
in  question.  This  fundamental  law  of  biogenesis,  which 
was  founded  by  Haeckel,  and  which  has  been  discussed  in 
detail  elsewhere,^  enables  us,  by  means  of  a  critical  examination 
of  the  ontogenetic  development  of  an  organism,  to  reconstruct  to  a 
certain  degree  its  phylogenetic  descent. 

From  all  these  facts  of  palaeontology,  comparative  anatomy, 
and  embryology — for  the  full  appreciation  of  which  reference 
must  be  had  to  the  works  of  Darwin,  Gegenbaur,  Haeckel  and 
their  pupils,  which  have  laid  the  foundation  for  an  understanding 
of  them — the  conclusion  must  necessarily  be  drawn  that  existing 
organisms  are  derived  in  uninterrupted  descent  from  the  first 
living  substance  that  originated  from  lifeless  substance.  Moreover, 
at  the  same  time  the  path  is  indicated  that  has  been  taken  by  living 
substance  in  its  development  upon  the  earth.  The  phylogenetic 
research  of  modem  morphology  has  succeeded  in  discovering  this 
path  in  general,  and  thus  reconstructing  in  its  gross  outlines  the 
genealogical  tree  of  organisms.  Although  mucn  opposition  was 
expressed  at  first  to  the  provisional  scheme  of  genealogy  that 
Haeckel  presented  thirty  years  ago  as  an  induction  from  the  facts 
then  known,  there  are  few  morphologists  now  who  do  not 
accept  HaeckeFs  idea  in  its  essential  points.  There  now 
prevails  essential  agreement  regarding  the  phylogenetic  relations 
of  the  large  groups  of  organisms,  although,  as  to  the  smaller 
groups  and  the  special  relations,  many  far-reaching  differences  of 
opinion  still  exist ;  the  latter  will  be  set  aside  only  gradually  and  by 
new  discoveries.  In  accordance  with  Haeckel's  ideas  and  upon  the 
basis  of  the  present  condition  of  its  knowledge,  modem  morpho- 
logy has  pictured  somewhat  as  follows  the  genealogical  tree  of 
organisms : 
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From  the  first  living  masses,  which  Uaecket  terms  Moncra, 
there  wi?re  developed,  by  differentiation  of  the  homogeneous 
substance  into  nucleus  and  protoplasm,  the  iirst  unicellular 
organisms,  Protista.  The  Protista  constitute  the  group  from 
which,  on  the  one  side,  plants,  and,  on  the  other  side,  animals  have 
been  developed ;  thoy  comprise  the  lowest  organisms  now  living. 
Even  among  the  ProtUta  a  differentiation  as  to  metabolisui 
took  place,  and  they  were  divided  into  the  Protopkyta,  i.e.,  those 
having  plant-metabolism,  and  the  Protoxoa,  i.e.,  those  having 
aniiiiiu -metabolism.  The  former  continued  to  constnict  their  living 
substance  out  of  inorganic  substances,  white  the  latter  simplifieu 
their  metabolism  by  employing  the  organic  substance  prepared  by 
the  former.  From  the  Prolojfhyta  are  derived  all  plants  {Mtta- 
phyta),  from  the  Protozoa  all  animals  {Mttnzoa),  as  follows: — From 
the  Protophyta  two  branches  went  oSl  the  sea-weeds  {Alga)  and 
the  moulds,  etc.  {Fungi,).  Of  these  two  the  former  ^roup  df^veloped, 
and  from  it  arose  in  direct  descent  thr  ihosm's  {Mi'-o-in'ir).  from 
them  the  ferns  {FUidnedB),  from  the  ferns  the  plants  that  have  nak* 
seeds  {Gymnc«permai),  and  from  the  latter,  finally,  the  plants  tht 
have   covered  seeds  {Angiosperma:).     The  last  group  shows  t} 
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highest  differentiatiun  of  the  plants.  From  the  Protozoa,  on  the 
other  hand,  arose  the  Gaairaada,  very  simple  animals  consisting  ot 
only  two  layers  of  cells  (entoderm  and  ectodonn).  Probably  no 
representative  of  this  group  is  now  living,  but  their  presence  in 
the  genealogical  aeries  must  necessarily  be  inferred  from  the  very 
general  appearance  of  the  gaetnila-stage  in  the  development  of 
all  animals.  From  the  Gaslrmada  developed  on  the  one  side 
polyps,  jelly-fishes,  etc.  (CceUnterata),  and  upon  the  other  side 
worms  (  Vermes).  The  latter  gave  origin  to  four  groups  comprising 
respectively  star-fishes,  sea-urchins,  etc.  {Eehtnodermata),  crabs, 
insects,  etc.  (^Artkropodii).  tunicate^  {Titniciita),  and  claitis,  snails, 
etc.  (Afolliisca).  Of  these  the  tunicates  became  the  progenitors  of 
the  tmck-boned  animals  (  VtHebrata),  the  most  widely  differentiated 
representatives  of  the  animal  kingdom.  The  present  living  organ- 
isms form  merely  the  last  shoots  of  all  the  branches  of  this  great 
genealogical  tree. 

A  glance  over  the  racial  development  of  organisms  from  their 
first  appearance  down  to  the  present  time  shows  that  living  sub- 
stance has  undergone  in  the  course  of  the  earth's  development  a 
remarkable  change  in  form  and  organisation ;  in  these  respects 
existing  organisms  are  widely  differentiated  in  very  difibrenb 
directions. 

Darwin's  theory/  of  selection  has  afforded  a  natural  explanation 
of  this  phenomenon.  This  theory  pi-oceeds  from  the  fact  that  all 
individuals  of  the  same  species,  even  descendants  from  the 
same  pair  of  jtarents,  differ  from  one  another  more  or  less 
markealy.  This  phenomenon  is  known  as  individual  variability, 
and  is  the  result  partly  of  sexual  intermixture  (Weiamann'a 
amphimixis)  and  partly  of  the  action  of  various  external  influences 
upon  the  germ-plasm  of  the  individual  embryos,  whether  within  or 
without  the  maternal  organism.  Of  these  more  or  less  different 
individuals  of  the  same  generation  Darwin  shows  that  in  the 
struggle  for  existence  only  those  ctmtinue  to  live  that  are  best 
fitted  to  the  external  conditions  of  life,  while  those  that  are  less 
fitted  perish  as  a  result  of  the  competition  with  the  former.  Thus, 
only  those  that  are  best  adapted  to  the  existing  external  conditions 
can  reproduce  and  transmit  their  characteristics  to  their  descend- 
ants. In  this  survival,  in  this  selection  of  the  fitter  individuals,  lies 
the  natural  selection  of  Darwin;  and  it  is  evident  that  with  the 
continuance  of  the  process  organisms  must  become  adapted  to 
existing  vital  conditions  very  perfectly.  Hence  the  form,  the 
organisation,  and,  in  general,  all  the  characteristics  of  living 
substance  are  in  the  closest  correlation  with  the  external  con- 
ditions upon  the  earth's  surface ;  if  these  change,  the  characteristics 
of  organisms  must  correspondingly  change. 

But  it  is  a  question  whether,  in  the  course  of  time,  natural 
selection   is   the   sole   factor   that   cau.'ses   organ ianis   to   change. 
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Adaptation  to  external  conditions  as  a  result  of  selection  pre- 
supposes a  continual  inheritance  of  innate  characteristics,  and 
Weismann  ('92,  1)  holds  the  view  that  the  inheritance  of  innate 
characteristics  alone  comes  into  the  question  of  change  in  the 
organic  world.  Since  Darwin  believed  that  acquired  character- 
istics also  are  transmitted,  Weismann,  as  the  defender  of  the  one- 
sided theory  of  selection,  is,  in  a  certain  sense,  more  Darwinian 
than  Darwin  himself  Others,  such  as  Haeckel  ('66),  Eimer 
('88),  and  Herbert  Spencer  ('93),  are  also  of  the  opinion  that 
the  inheritance  of  such  characteristics  as  are  acquired  during  the 
individual  life  is  of  great  importance  in  the  transformation  of 
organisms.  Naturally  there  always  arises  here  the  question 
whether  these  characteristics  are  properly  adapted  to  external 
conditions  or  not.  If  not,  they  likewise  are  soon  set  aside  by 
selection  in  the  struggle  for  existence.  But  at  the  present  time 
the  question  whether  only  innate  or  also  acquired  characteristics 
are  inherited,  constitutes  the  point  of  chief  interest  for  those  who 
theorise  upon  heredity ;  and,  in  spite  of  much  discussion,  it  still 
waits  for  a  definitive  answer.^ 

If,  finally,  a  brief  examination  be  made  of  the  nature  of  the 
changes  that  living  substance  has  undergone  from  its  origin  down 
to  the  present,  the  fact  appears  that  it  has  developed  from  simple 
to  constantly  more  complex  forms  and  organisation.  The  result  is 
that  the  most  complex  organisms  occur  at  the  present  time,  being 
represented  by  the  flowenng-plants  and  the  vertebrates,  in  which 
special  parts  have  become  widely  differentiated  for  the  exercise  of 
very  special  occupations.  It  has  frequently  been  said  that  in  the 
developmental  series  of  organisms  from  the  earliest  begiimings 
down  to  the  present  there  may  be  seen  a  continual  advance — a 
progressive  perfecting.  This  idea  embraces  an  error  which  it  was 
the  whole  endeavour  of  the  Darwinian  theory  to  avoid,  viz.,  that 
of  teleology.  The  conception  of  advance,  of  perfecting,  involves  a 
goal  toward  which  the  advance  is  directed.  Without  this  it  is  an 
empty  conception.  In  reality,  however,  there  does  not  exist  in 
the  development  of  organisms  a  predestined  goal  toward  which 
the  development  is  striving  any  more  than  in  any  chemical 
reaction.  Organisms  can  only  follow,  and  must  follow  in  a  definite 
direction,  when  the  proper  external  conditions  are  present. 
Changes  in  them  are  dependent  solely  upon  changes  in  their 
environment.  The  employment,  therefore,  of  the  idea  of  advance 
or  perfecting  is  evidence  merely  of  an  anthropocentric  stand- 
it  ;  we  introduce  ourselves  into  the  development  as  the  goal, 
whatever  reason  this  is  done,  the  goal  is  an  artificial  thing 
,h  does  not  exist  in  nature ;  the  assumption  that  mankind  is 
e  perfect  than  an  amoeba  is  not  justified  by  reality.  It  is 
iply    a    conventionality   to    call    development    a    perfecting. 

'  C/.  p.  180. 
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Nature  itself  has   no   goal  to  strive  for,  its   method  is   eternal 
development,  i.e.,  change  without  end. 

To  draw,  now,  the  final  conclusions  from  the  above  discussion, 
the  fact  stands  out  clearly  and  distinctly  that  life  from  its 
beginning  on  has  been  dependent  upon  the  external  conditions  of 
the  earth's  surface.  In  a  mathematical  sense,  life  is  a  function  of 
the  earth's  development.  Living  substance  could  not  exist  while 
the  earth  was  a  molten  sphere  without  a  solid,  cool  crust ;  it 
was  obliged  to  appear  with  the  same  inevitable  necessity  as  a 
chemical  combination,  when  the  necessary  conditions  were  given  ; 
and  it  was  obliged  to  change  its  form  and  its  composition  m  the 
same  measure  as  the  external  conditions  of  life  changed  in  the 
course  of  the  earth's  development.  It  is  only  a  portion  of  the 
earth's  matter.  The  combination  of  this  matter  into  living  sub- 
stance was  as  much  the  necessary  product  of  the  earth's  develop- 
ment as  was  the  origin  of  water.  It  was  an  inevitable  result  of 
the  pro^essive  cooling  of  the  masses  that  formed  the  earth's 
crust.  Likewise,  the  chemical,  physical  and  morphological 
characteristics  of  existing  living  substance  are  the  necessary  result 
of  the  influence  of  the  external  conditions  of  life  upon  the  internal 
relations  of  past  living  substance.  Internal  and  external  vital 
conditions  are  inseparably  correlated,  and  the  expression  of  this 
correlation  is  life. 


III.  The  History  of  Death 

Our  consideration  of  vital  conditions  culminated  in  the  fiswt  that 
vital  phenomena  not  only  can  exist,  but  must  appear  with  the 
same  inevitable  necessity  as  every  other  natural  phenomenon, 
when  a  certain  complex  of  conditions  is  fulfilled.  If  these  conditions 
are  wanting,  life  is  wanting. 

The  appearance  of  life  upon  the  earth  was  one  consequence  of 
this  fact.  Another  consequence,  which  is  now  to  be  considered, 
was  the  development  of  death. 


A.   THE   PHENOMENA  OF   NECROBIOSIS 

If  one  or  more  of  the  special  vital  conditions  under  which  an 
organism  exists  fail,  vital  phenomena  cease,  life  comes  to  a  stand- 
jstill.  Excepting  the  few  cases  of  apparent  death,  this  standstill 
is  always  real  death.  But,  as  has  already  been  seen,^  death  never 
iippears  instantaneously.  There  is  no  sharp  limit  separating  life  and 
■death,  there  is  rather  a  gradual  transition  between  them ;  in  other 
words,  death  undergoes  development.     Normal  life  upon  the  one 
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hand,  and  death  upon  the  other,  are  merely  the  remote  end-stages 
in  this  development,  and  are  united  to  one  another  by  an  un- 
interrupted series  of  intermediate  stages.  The  two  end-stagea 
may  be  easily  and  sharply  distinguished,  but  it  is  impossible  to 
draw  a  sharp  line  at  the  place  where  life  ceases  and  death  begins. 
Hence  this  transition  from  life  to  death  is  termed  rucrohiosis,  a 
word  that  was  introduced  into  pathologj-  by  K.  H.  Schultz  and 
Virchow.  Virchow  (71)  distinguishes  between  necrobiosis  and 
necrosis  by  means  of  external  characters,  speaking  of  necrobiosis 
when  the  original  form  of  the  part  in  question  is  completel}' 
destroyed  and  done  away  with,  and  of  necrosis  when  it  is  still 
retained  in  death.  But,  however  practicable  this  external  dif- 
ference may  be  in  the  judgment  of  gross  relations,  of  whole  organs- 
or  tissues,  it  has  little  importance  theoretically,  for  whether  the 
end-result  assumes  this  or  that  form  frequently  depends  upon 
wholly  accessory  matters.  If,  e.g.,  a  cell  has  a  solid  wall,  its  form 
long  remains,  although  the  protoplasmic  body  may  long  since 
have  perished ;  but  if  its  protoplasm  is  naked,  the  cell  usually  disin- 
tegrates into  a  formless  mass  of  granules ;  nevertheless,  the  essence 
of  the  process  that  leads  to  death  may  be  the  same  in  the  two 
cases.  Hence  it  seems  advantageous  to  lay  aside  this  distinction 
and  so  to  extend  the  conception  of  necrobiosis  that  it  may  include 
also  the  so-called  necrotic  processes.  There  is  then  understood  by 
necrobiosis  those  processes  that,  beginning  loith  an  incurable  lesion  of 
the  normal  life,  leads  sLowly  or  rapidly  to  unavoidable  death.  The 
frequent  synonymous  conception  of  degeneration  has  the  disadvan- 
tage that  it  has  more  than  one  significance  and  is  employed  for 
many  very  different  phenomena. 

The  phenomena  of  necrobiosis  introduce  a  subject  which,  on 
account  of  its  enormous  practical  importance,  has  been  developed 
as  an  independent  science  and  has  assumed  large  proportions; 
this  is  pathology,  the  science  of  diseases.  The  following  considera- 
tions will,  therefore,  largely  pertain  to  this  subject,  and  an 
endeavour  will  be  made  to  analyse  the  death-process. 

Since  the  cell  is  the  proper  seat  of  life,  it  must  be  the  object 
of  study  in  the  investigation  of  necrobiosis  as  in  that  of  vital 
phenomena.  The  death  of  compound  organisms  with  their  widely 
differentiated  organs  and  tissues  depends  simply  upon  the  death 
of  the  individual  cells  composing  the  cell-community.  But  the 
phenomena  that  lead  to  death  are  very  different  in  the  individual 
iomis  of  cells.  This  depends  partly  upon  the  condition  of  the 
living  substance  that  characterises  each  form,  and  partly  upon  the 
nature  of  the  causes  that  lead  to  the  death  of  the  cell.  It  is, 
therefcjro,  evident  that  necrobiotic  phenomena  must  be  very 
manifold.  Nevertheless,  they  can  be  brought  into  two  gi'eat 
^^roups,  whieh  differ  fundamentally  from  one  another.  In  one 
'^viyv  vital  processes  drop  out  gradually  without  under- 
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going  on  essential  change ;  those  phenonienft  may  be  termed 
Aistoii/lic  proeeaats.  In  the  other  group  the  normal  vital  processes 
are  turned  into  a  perverse  course  by  the  fatal  lesion,  and  degenerate 
before  they  come  to  a  complete  staiidstiii.  These  are  termed 
vidamorfhic  processes. 


1.  Histi'lijtic  Practises 

The  simplest  forms  of  the  histolytic  processes  are  the  atri^hies. 
They  are  mostly  chronic  processes,  and  consist  in  the  gradual 
constant  decrease  in  extent  and  final  complete  cessation  of  the 
ascending  phase  of  the  metabolism  of  the  cell  in  question,  that  is, 
of  the  processes  that  lead  to  the  construction  and  regeneration  of 
living  substance.  The  result  is  that  the  living  substance,  con- 
tinually undergoing  decomposition  in  a  certain  measure,  loses  in 
volume  constantly ;  the  cell  becomes  constantly  smaller,  until 
finally  the  remnant,  having  come  to  an  extreme,  disintegrates 
— technically  speaking,  the  cell  or  the  tissue  "  atrophies." 

Cases  of  atrophy  of  an  organ  or  tissue  are  wide-spread  in  the 
organic  world,  and  play  a  great  role  both  in  the  normal  develop- 
ment of  animals  and  in  pathological  conditions. 

Among  those  that  appear  in  the  development  of  the  iwrmal 
organism  and  are  esj>ecially  well  known  are  the  phenomena  of 
histolysis  or  degeneration  of  embrj"onic  organs,  which  are  particu- 
larly characteristicof  animals  that  have  apronounced  metamorphosis 
or  larval  development.  These  histolytic  processes  have  been  care- 
fully followed  recently  in  the  atrophying  tail  of  the  tadpole  of  the 
frog  by  Looss  ('89).  In  its  essentials  histolysis  follows  a  cor- 
responding course  in  different  forms  of  cells.  There  is  notice- 
able first  a  loosening  of  the  cement -substance  that  unites 
the  cells  together  into  the  tissue,  so  that  the  cells  adhere- 
to  one  another  less  closelv'.  During  this  a  visible  change  begins 
in  the  protoplasm,  "The  cell -substance  gives  up  its  norma! 
characteristic  structure.  The  spongioplasm,  present  originally  in 
the  form  of  a  more  or  less  pronounced  spongy  framework  and 
usually  capable  of  staining  intensely,  draws  iteelf  together,  the 
individual  strands  become  thicker,  and,  finally,  the  whole  dis- 
integrates into  a  larger  or  smaller  number  of  spherical  droplets, 
which  lie  within  the  hyaloplasm.  The  latter  stains  less  or  not 
at  all,  and  has  likewise  come  together  into  a  homogeneous  mass." 
The  ground-substance  in  whien  the  globules  lie  first  begins  to 
dissolve, and  later  the  globules  themselves  become  liquefied.  Thus, 
finally,  of  the  whole  protoplasm  there  remain  only  a  few  insoluble 
granules,  and  these  are  devoured  by  the  leucocytes  which  creep 
about  as  phagocytes  in  all  tissues.  The  nucleus  of  the  cell  usually 
resists  destruction  considerably  longer,  but  finally  becomes  the 
victim  of  a  similar  process.     Its  ground-substance  disappears  veiy 


soon ;  the  chromatic  substance  and  tiie  nuclear  membrane  gradu- 
ally shrink  together  and  disintegrate  into  single  fragments,  which 
likewise  are  finally  dissolved.  The  muscle-fibres,  though  in  other 
respects  very  different,  behave  similarly.  The  individual  fibriUa.' 
swell  and  become  cemented  to  one  another.     At  the  same  time 
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the  isotropic  and  the  anisotropic  substances  begin  to  mingle  to- 
gether, so  that  the  cross-striatioo  gradually  disappears.  The 
double  refraction  of  the  anisotropic  disks  also  fades  away.  At  the 
same  time  the  fibres  disintegrate  into  smaU  round  fi^giiients, 
which  finally  undergo  solution  (Fig.  135).  The  processes  of 
histolysis  go  on  in  a  wholly  analogous  manner  in  most  other  cases, 
r.ff.,  in  the  degeneration  of  the  larval  organs  of  insects,  the  muscles 
of  the  salmon,  and  the  thymus-glauds  of  human  beings.  But  from 
the  investigations  of  Metschnikoff  ('83)  Kowalevsky  ('85  '87),  and 
others  t  appears  that  in  many  insects  especiallv  m  the  fly-larva, 
where  the  dee;  n  nt  nn    f  th    Jirvil  t  ss      pn  eecds  uncommonly 
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rapidly,  the  histolysis  is  performed  chiefly  by  the  leucocj-tes,  which 
fts  phagocytes  devour  the  tissue-cells  that  have  not  yet  disintegrated 
(Fig.  136).  It  must  be  supijosed  that  here  also  the  inauguration 
of  histolysis  proceeds  from  the  tissue-cells  themselves,  and  that  the 
lencocvtes  devour  the  cells  that  are  alresidy  beginning  to  atrophy. 
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The  whole  difference  lies  in  the  fact,  as  has  been  set  forth  by 
Korotneff  ('92),  that  where  a  very  rapid  disappearance  of  thf 
tissue  is  concerned,  the  leucocytes  exercise  greater  activity  and 
begin  their  work  earlier.  Among  the  atruphics  in  normal  life 
belong,  further,  the  phenomena  of  senile  atrt/phy,  which  consists 
in  a  very  slow  and  constantly  progressive  degeneration  of  the 
various  tissues,  and  is  never  wanting  in  extreme  old  age. 

Next  to  the  normal  atrophies  are  the  pathological  ones,  which 
appear  in  the  organism  when  diseases  have  created  the  proper 
conditions  for  them.  Thus,  e.g.,  in  human  beings  the  muscles 
of  the  leg  atrophy  when,  as  a  result  of  disease,  the  knee-joint  has 
become  ossified  and  immovable.  Such  atrophies,  which  occur  as 
a  result  of  disuse  of  the  organ,  are  termed,  simply,  atrcpkies  frtrm. 
Aimtc.      In   these    pathological   atrophies   the   processes   are,  in 
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general,  the  same  as  in  normal  ones;  nevertheless,  at  times  re- 
markable phenomena  appear.  Thus,  in  muscles  that  have  atro- 
phied because  of  disease,  a  very  great  increase  of  nuclei  is 
frequently  found,  while  Loosswas  able  to  determine  with  certainty 
that  in  the  muscle-atrophy  of  the  histolytic  tail  of  the  tadpole  the 
nuclei  were  neither  increased  nor  <Uminished.  Further,  the 
tissues  atrophying  because  of  disease  are  at  first,  as  a  rule,  much 
more  solid  and  compact  than  those  that  undergo  normal  histolysis 
— a  circumstance  that  is  perhaps  based  upon  the  considerably  longer 
duration  of  the  pathological  atrophy,  during  which  the  dissolved 
masses  have  more  time  to  be  discharged.  But  these  are  all 
special,  accessory  factors. 

The  degeneration  of  leucocytes  has  recently  been  followed  in 
detail  especially  by  Gumprecht  ('96)  in  acute  leukiem'  '"* 
is  interesting,  since  the  dissolution  of  the  nucleus  takes  p 
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very  simple  manner,  Tho  nuclear  membrane  dieappears,  the  I 
contents  of  the  nucleus  mix  with  the  protoplasm,  the  chromatic  j 
substance  becomes  gradually  paler,  until  the  whole  leuctx^tel 
becomes  a  homogeneous  mass,  which  diaintegratfis  with  swelUng] 
and  formation  of  vacuoles  (Fig.  137).  I 

To   the   atrophies  may  be  added  a  series  of  death -processes,  \ 
which,  although  they  have  little  similarity  to  one  another,  i 
grouped  in  pathology  under  the  common  name  of  -necrosea.^     In  j 
general  they  have  a  more  acute  course  than  atrophies. 

Among  the  various  necrotic  processes  several  important  forms  I 
can  be  distinguished,  which  are  characterised  by  definite  peculi-  I 
arities.     One  of  these  is  miimmijicntion  or  dry  gangrenf.     In  this  I 
the  tissue-cells  shrink  into  solid, 
leather-tike  nia^es  on  account  of  \ 
a  loss  of  liquid,  so  that  when  the   ' 
process  has  reached  its  end  the 
tissues    appear    dry,    hard    and 
friable.       Mummification     occura 
normally  in  tho  drying-up  of  the 
remnant  of  the  uiabilical  cord  of  J 
the   new-born   child ;    in    patho-  [ 
logical  conditions,  as  after  burning  J 
or  freezing  the  ends  of  the  ftngeis  I 
and  of  the  toes ;  particularly  in  1 
old  age  ;  and  also  in  the  drying- 
up  of  embr}'os  that  develop  in  the 
abdominal  cavity  of  the  animal 
tir  the  human  being  instead  of  in 
the  uterus  and,  being  incapable 
of  birth,  die  within  the  body  of 
the  mother.     Such   embryos   as- 
sume gradually  a  hard,  mummj- 
like  consistency, because  theliquMi 
contained  in  them  is  absorbed  by 
the  mother's  body.     A  second  important  form  of  necrosis  is  coaffiila~ 
tion-neorosU,  first  investigated  in  detail  by  Weigert  ("75,  '77, 78,  '80). 
which  consiste  in  the  coagiilation  of  the  proteids  of  the  tissue-cells 
in  question.     With  the  coagulation-necroses  may  be  classed  the 
usual  rigor  of  dying  muscles,  which  along  with  gradual  contraction 
transforms  the  muscles  into  stiff  organs  and  causes  the  rigidity 
of  corpses.     Weigert   himself  does  not  allow  this  classification, 
regarding  the  co-operation  of  lymph  as  essential  to  the  occurrence 
of  the   coagulation-necrosis.      But  the   process   in   rigor   mortis^ 
although  transitory,  is  the  same  in  principle:  for  the  myosin,  the 
proteid  that  is  characteristic  of  and  contained  in  solution  in  the 
living  muscle,  coagulates  in  dying  and  thus  produces  the  stiffen^ 
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iiig;  as  a  riisiilt  of  olhor  transformations  in  the  muse lo  the  rigor 
jjiissea  away,  this  pnx;ess  being  accompanied  by  muscular  relaxation, 
A  typical  coagulation-necrosis  in  Weigert's  sense  occurs  in  muscle 
under  pathological  conditions,  especially  in  connection  with  fevere, 
.such  as  typhoid  ;  this  is  the  so-called  waa^  deffeneraiion,  which 
consists  in  a  coagulation  of  the  muscle-substance  with  loss  of 
its  cross-striation  and  a  separation  into  waxy-appearing  flakes 
<Fig.  138).  Similar  coagulation-processes  occur  in  other  tissue- 
cells,  especially  in  active  inflammations  of  the  mucous  membranej*. 
as  in  pharyngeal  diphtheria.  Finally,  among  the  coagulation- 
necroses  in  the  wider  sense  there  can  be  classed  the  pheno- 
mena   of    cell-death    that    appear    when,   for    the    purpose    of 
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anatomical  or  histological  preservation,  living  tissue  is  placed  in 
liquids  that  cause  coagulation,  such  as  mineral  acids,  alcohol, 
jtuDlimate,  etc.  These  are  the  most  acute  ca»es  of  cell-death,  and 
for  this  reason  these  lic|uids  are  especially  well-fitted  for  killing 
And  preserving.  By  their  application  the  living  cell  is  killtid 
suddenly ;  it  thus  has  not  time  to  undergo  extensive  change,  but 
in  a  moment  is  fixed  in  a  condition  very  similar  to  that  of  life. 
In  a  third  form  of  necrosis,  tiguf/adi&ii,  the  tissue-cells  becomt; 
completely  liquefied,  their  protoplasm  disintegrating  into  a 
granular  detntus  and  the  nuclei  and  cell -boundaries  dissolv- 
ing until  the  tissue  is  changed  into  a  thickish  liquid.  Such 
aonenings  occur  especially  in  the  formation  of  blisters  after  bum- 
(Fig,  139),  and  frequently  combine  with  coagulation -pheno- 
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iiiena.  Not  rarely,  differ«it  fonuB  of  necroBis  oomr  rombiiKvl, 
and  they  become  complicated  especially  by  seocndary  factors. 
tsnch  as  putre&ction.  The  latter  is  the  case  with  maitst  g'angrene, 
decay,  etc,  all  of  which  are  produced  by  the  action  of  piitrefactive 
bacteria  upon  necrobiotic  tissue,  andsome  of  which  represent  post- 
mortem pnenomena.  Further,  certain  other  fomu  of  necrosis 
have  been  more  or  less  identified  by  pathology,  bat  the^e  patho- 
logical classes  are  distinguished  much  more  oy  the  macroscopic 
phenomena  of  the  end-result  than  by  the  microscope  events  in 
the  cell  itself.  The  former  naturally  depend  upon  various  kinds 
of  accessory  circumstances  that  are  not  immediately  conditioned 
by  the  pure  phenomena  of  cell-death. 

Finally,  one  more  series  of  phenomena  may  be  added  to  the  at- 
rophies and  necroses;  these  accompany  the  death  of  cells  living  in 
aqueons  media  and  are  wide-spread  among  organisms ;  they  are  the 
phenomena  of  ffranular  dinntegration.^  The  one  thing  held  in 
common  by  all  kinds  of  granular  disintegration  is  that  at  the  end 
of  the  process  the  cell  in  question  forms  a  more  or  less  loosely 
coherent  mass  of  individual  granules. 

Granular  disintegration  can  be  observed  most  easily  in  many  In- 
fusoria, when  their  protoplasm  is  especially  rich  in  water.  This  is 
the  case  in  the  large,  cylindrical  Spirosiomtim  ambiguum  which 
ha.s  a  soft,  superficial  layer  of  exoplasm.  If  such  Ii\^uoria  be  wounded 
by  being  cut  into  two  pieces  under  the  microscope,  it  happens 
very  frequently  that  the  pieces  disintegrate  away  r^ularly  from 
the  surface  of  the  wound.  Death  can  be  followed  by  the  eye.  and 
il.H  course  resembles  that  of  a  spark  that  passes  over  a  fiise  and 
liiavi's  behind  it  merely  a  loose  mass  of  ashes.  It  creeps  over  the 
whiilu  body,  seizing  upon  particle  after  particle,  surprising  ciliam 
lifter  eilium  in  normal  activity,  and  forcing  them  directly  from 
iictivi:  life  into  a  standstill,  until  that  which  a  moment  befiwe 
was  in  active  motion  is  changed  into  a  dead  mass  of  grannies 
(Fig,  140). 

These  very  acute  cases  in  infusorian  cells,  which  interest  every 
observer  who  sees  them  for  the  first  time,  are  not  well-adapted 
til  a  study  of  the  more  delicate  protoplasmic  processes,  since, 
with  the  jtrotoplasm  already  vcrj'  granular,  it  is  difficult  to 
clecidi!  how  far  the  granular  material  of  the  disintegrating 
nmsacs  consists  of  the  preformed  granules,  and  how  far  it  la 
fonni'd  directly  as  such  by  the  process  of  death.  In  this  resp«ct 
many  Iiliizopo<ta,  such  as  the  marine  Hyalopits  Dttjardinii  (Fig. 
141,  /),  which  are  completely  hyaline  and  absolutely  free  from 
jrmnnk's,  arc  extraordinarily  suitable.  If  one  of  the  smooth,  clear 
)iseu(lo|HMliii  be  cut  off  by  a  knife  under  the  microscope,  it  begins 
jinuhially  to  unilergit  granular  disintegration  from  the  place  where 
it  was  cut  (Fift-  141,  //and  TIF).  Then,  either  very  soon  or  in  the 
'  Cf.  Vcrwom  ('96,  1). 
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cuurse  of  a  few  hours,  the  tiwie  varying  according  to  the  thickness 
jmd  size  of  the  piece,  there  is  seen  in  place  of  the  transparent 
protoplasmic  mass,  a  collection  of  small  granules  and  globules, 
between  which  lie  isolated,  larger,  round  droplets  of  hyaline  proto- 
plasm (Fig.  141,  ///,  B,  b),  and  sometimes  one  or  more  faint, 
round,  transparent  bubbles  (Fig.  141.  ///,  D,  a),  all  being  loosely 
held  together  by  a  vejy  delicate  viscous  mass.  There  is  no  doubt 
that  this  collection  of  granides  and  globules  has  arisen  by  the 
transformation  of  a  mass  of  living  substance  that  originally 
was  wholly  clear.  In  the  study  of  this  process  with  stronger 
magnifying  powers  an  interesting  lact  appears.  In  the  normal 
.  life  of  the  cell  a  characteristic  difference  in  the  behaviour  of  the 
protoplasm  of  the  pseudopodia  of  the  Hyalopiia  during  the  phase 
of  expansion  and  that  of  contraction  may  be  recognised.  While 
during  the  former,  i.e.,  esteneion, 
the  protoplasm  appears  completely 
homogeneous,  during  the  latter  it 
assumes  the  typical  alveolar  struc- 
ture of  Blitschli,'  and,  if  the  con- 
traction becomes  very  strong,  as  after 
stimulation,  the  protoplasm  becomes 
uneven  and  knobbed  upon  the  sur- 
face (Fig.  141,  Fand  VI).  Exactly 
the  same  phenomenon  appears  in 
the  development  of  granular  disin- 
tegration. The  protoplasm  begins 
to  assume  the  alveolar  stnicture ; 
then  the  alveolar  walls  are  gradually 
drawn  together  in  uneven  and 
lumpy  masses ;  they  burst  here  and 
there,  and  become  rounded  off  into 

small  globules  and  droplets;  these  are  held  together  in  a  loose, 
granular  heap  merely  by  the  viscous  liquid  of  the  buret  vacuoles, 
which  frequently  flows  together  into  a  lai^e,  viscous  drop  (Fig. 
141,  IV).  Thus,  granular  disintegration  depends  upon  a  supra- 
,   maximal  contraction. 

This  fact  is  of  great  interest,  for,  if  the  histolytic  processes 
I  be  followed  comparatively  in  different  cells,  it  is  found  to  be 
I  a  common  law  that  all  elements,  the  contractility  of  which  can 
[  be  clearly  expressed,  and  hence  especially  all  naked  protoplasmic 
p  masses,  such  as  Rhizt^oda,  protoplasmic  drops  from  tissue-cells, 
I <  contractile  fibrillEe,  m use le-fi ores,  etc.,  without  exception  die  in 
I  the  phase  of  contraction.  Aineeha  and  leucocytes  (Fig.  142)  in 
I  necrobiosis,  as  in  every  contraction,  assume  a  more  or  leas  com- 
kpletely  spherical  foi-m  (Fig.  142,  B),  Rhizopodn  possessing  long 
'  Cf.  p.  m. 
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l\*'.  1*1.— fIf;jttofinH(iivniia)  Dvjatitinii,  gnuulai^  diBlattBTAlloa.  I,  Wbolo  IndiTidUHl ;  numerouH 
IwciiduiKidia  are  sKtauiled  from  the  sw-Hhaped,  membmioue  ahell ;  at  the  Isft  Uut  tie  boini; 
drawn   in,    II  and   HI,  -PsfiudopcMlla  i^ut  off  ;  gruiulu-  dltlntegntloD  1a  doYefoping:  thu 

rnus;  bolweoa  thBui  11«  Bcatt«T«d  Ut^t  droplatB  of  hyallutj  pnjCaplHsm  (//J,  D,  tj\  nnd 

lDi(nLtlDn  1b  Bompfeted,  thv  globulM  aro  noporutfid  ;  at  h  d&lntegrttlQEi  1a  bdglbiiliig,  belaij 
ii^lier<>d  in  bf  the  formatLDikoT  tvugIos  ;  betwoon  th»q  two  points  occur  all  truultion-Btage^. 
i'.  <'>penlDg  of  tha  abflll  ot  Hyatopus,  with  ext«Ddfld  pHudopodtK ;  three  haTc  bean  stlDiulAtod 
ut  tho  pUco  Indicated  by  the  arrow  and  hava  aHumKl  an  trr«gular  CDntuar.  K/,  Place  of 
"tiiuiilatiun  of  a  pAoudopodium  stroagly  TDBgnlflod :  viicuoloa  are  ahowu,  the  protopUem  uf 
ivbosu  wsllt  U  ItTogutarir  contiaetod.    ComparlMn  with  IV  ehowithe  nBreement  of  tliu 

]Heuclopodia  draw  in  the  latter  and  become  lumpy,  or  the  thread- 
like psetidopodia  become  varicose  and  disintegrate  into  small 
globules  (Fig.  143).  Bits  of  protoplasm  fixim  the  interior  of  cells 
that  have  a  constant  form,  e.g.,  plant-cellB  or  tissue-celts,  or  even 
from  free-living  cells,  always  become  rounded  into  spherical  drops 
(Fig.  34,  a,  p.  94).  Contractile  fibrillte  and  muscle-fibres  pass  into 
yiffor  mortis,  i.e.,  they  contract  for  the  last  time  (p.  133),  and  only 
^vhen  the  rigor  has  passed  away,  when  death  is  completed,  do 


they  become  again  passively  extended  by  the  action  of  elastic 
(.'lements.  In  brief,  it  is  found  everywhere  that  protoplasm  whose 
contractility  can  in  any  way  be  expressed  dies  in  the  condition  of 
contraction. 

It  would  be  of  value  to  determine,  by  a  comparative  investiga- 
tion of  necrobiotic  phenomena,  still  other  peculiarities  common  to 
histolytic  processes.  As  Israel  ('97, 1,  2)  has  rightly  emphasised 
very  recently  in  his  researches  upon  the  death  of  the  cell,  especially 
the  kind  of  death  and  the  duration  of  necrobiosis  should  be  studied. 
Only  through  the  comparative  history  of  death  can  an  under- 
standing of  necrobiotic  phenomena,  which  is  now  largely  wanting, 
be  hoped  for  in  time,  and  with  it  will  come  an  advance  in 
our  knowledge  of  the  vital  process  itself. 
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2.  MetamoTphte  Proeetaea 

In    coDtrast    to    simple    histolytic    phenomena,    :  ^ 

processes  are  veiy  clearly  charscterised  by  the  &ot  that  tha' 
metabolism  of  the  cell  doee  not  merely  come  gradually  to  a  stancl- 
still,  but  is  previously  turned  into  a  perverse  coarse,  in  such  a  ^w^ 
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that  siibstJinces  which  in  the  nonnal  cell  are  either  not 
manufactured  at  all  or  appear  only  at:  intermediate  stages,  are 
produced  in  quantity  as  a  result  of  the  disturbed  metabolism,  and 
accumulate  within  the  cell  until  the  latter  perishes.  The  forms 
•  )f  mctamorphic  processes  that  are  most  frequent,  best  known,  and 
for   physiologj'  most  important,  arc   /ftttj/  degeneration,   or  fat- 
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^merphosis,  mucous  degeneration,  amyloid  degenerationy  and  calci- 
/farfuwi. 

To  consider  first  the  phenomena  of  fai'Vutamorphosis,  we  must 
avoid  confounding  these  with  apparently  similar  processes,  viz., 
the  deposition  of  fat  or  fatty  infiltration  in  fattening,  obesity,  etc. 
In  these  latter  also  there  is  a  great  accumulation  of  fat  in  the  cells 
in  question,  but  this  fat  has  not  arisen  by  a  disturbance  of  the 
laetabolism  of  the  cells  themselves  ;  on  the  contrary,  it  or  its  con- 
srituents  has  entered  into  the  cells  from  the  outside  and  has  there 
been  deposited.  If  much  fat  or  materials  from  which  fat  can  be 
formed  be  introduced  into  the  body  in  the  food,  such  fat  becomes 
deposited  by  preference  in  certain  parts  within  the  cells,  as  in  the 
cells  of  the  subcutaneous  connective  tissue,  and  thus  arises 
corpulency,  the  panniathts  adiposzis.  Of  course  it  is  not 
impossible  that  in  many  cases  of  corpulency  fat  arising  pathologi- 
cally within  the  body  also  enters  into  the  cells  of  the  subcutaneous 
connective  tissue  and  is  there  deposited.  But  even  here  there  is 
always  a  fetty  infiltration  of  the  cells  from  the  outside.  In 
contrast  to  this,  in  fat-metamorphosis  fat  is  formed  within  the  cell 
itself  at  the  expense  of  its  living  substance,  and  there  accumulates 
until  the  cell  is  permeated  with  innumerable,  large  or  small 
proplets  and  dies.  Such  fat-metamoi-jihosis,  which  ends  with  the 
death  and  disintegration  of  the  cell,  cxicurs  in  certain  places  in  the 
healthy  body  as  a  normal  phenomenon  :  thus,  it  is  present  in  the  cells 
of  the  lacteal  glands  at  a  time  when  they  are  secreting  milk,  when 
a  woman  is  nursing.  It  is  found  that  at  this  time  in  the  loWs 
«»f  the  mammary  glands  microscopic  fat-droplets  appear  in  th(? 
protoplasm  of  the  older  cells  (Fig.  144):  these  ^dually  increa.s^; 
m  number,  while  the  protoplasm  gradually  dies,  and  the  cell 
finally  becomes  a  round  droplet,  full  of  small  milk-globules.  The 
dying  protoplasm  gradually  disintegrates,  the  fat-globules  becrmie 
free,  and  the  whole  mass,  i.e.,  the  fat-globules  in  their  liquid, 
becomes  secreted  as  milk,  milk  being  nothing  more  than  an 
emulsion  of  the  fat  of  butter  in  a  solution  of  salts,  proteidh, 
^agar,  etc.  The  younger  gland-cells  succet-d  the  older,  fatty- 
degenerated  and  disintegrated  cells,  and  pass  through  the  .same 
changes,  and  thus  the  process  of  milk-formation  continues  long 
and  uninterruptedly,  what  occurs  as  a  normal  pr^xiess  in  the 
^\h  of  the  lacteal  glands  fx^cnrs  under  yjathological  con- 
ditions in  much  greater  extent  in  very  various  tissues,  and  leads 
almost  always  to  incurable  and  fatal  losses.  >inc«'  as  a  rule  no 
reparation   is  made  bv  the  vountrer  cells.      "  The  pr^xluetion  of 

*tl    ft  ^     •  •  •  O  1 

Dulk,  says  Virchow  (71>.  *in  the  bmin  instead  of  in  the  lacteal 

glands,  constitutes  a  fonn  of  brain-*-'^ftening.     The  wirne  pPK.-^-ss 

tbxt  in  one  place  aflFonls  the    happie-t    and  sweete-t  n-'-ult-.  in 

another   induces*    a    painful    and    bitter    wound/'      Surli    fatty 

^'egeneratioDS     appear     especially    in     long-'rontinuin^f,    rrhroni^- 
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<i;-^a-^-».  >iii-h  itM  tubcrculoiiis,  hcart-diaeascs,  kidoey-dueasea,  etc.. 
Ml  '.hi'  kiiUu'V,  honn,  liver,  blood-vessels,  etc  (Fig.  145) ;  and  tbar 
..tu^-s  ulwitvi)  lie  in  disonlcTB  of  nutrition,  especially  in  a 
.ii^iiifkuu-t-  tif  the  process  of  taking  in  oxygen  through  the  blood. 
Ir  ../..  insutticient  oxygen  is  earned  to  the  cell,  or  if  for  other 
'.'.i.-o-ii'H  its  (-:(|>aeity  of  receiving  oxygen  is  diminished,  the  &t, 
\\\\w\i  )in>Uibly  in  most  cells  app^rs  in  truces,  is  not  burned, u., 
■miIinmI.  lis  hitpp^ns  normally,  but  is  stored  up  and  accumulates  in 
,ii.tiiui\  For  this  reason  also  in  habitual  drinkers  and  after 
Kii.ttpliKi'tiK-iHiiwming,  where  as  a  result  of  the  ingested  alcohol  or 
<<h.-i<l>li<<i'ii^  Ihf  income  of  oxygen  is  diminished,  a  considerable 
■\\-  i.nii(»u>r|ihi>sis  of  the  tissues,  especially  of  the  liver-cells, 
i»,n-.  mkt's  jiIhcc:  and  pathology  recognises  a  whole  series  of 
,L.^v>  \i  tii-i\-  tat-mctaniori>ho8is  can  be  traced  to  the  same 
,i  „■»,■.■.  li  is  highly  probable  that  in  all  processes  of  fet- 
...  ;.t-tifi)>liiviis  the   tilt   originates    from    the    decomposition    of 


Fir,.     ]  I'l.— FAt.mi-t-'UDorphnalB    oC     «rdliic 
iiiii-flt -i-clln :  Iho  Brauulw  In  the  osUk 
\ .-,.1  ,-.,i,.i»lu/f^il.    (AfUir  ZIogier.) 

,  kiii'wii  thai   in  tin:  decoiniKKsitittn  of  the  proteid- 

'\    iuHn'jji'ii""s  .-uid   iii>n-nitrogcnous    complexes    of 

\l,.ii'.mT,  il  liii.-^  bwn  si-cn,>  tliiit  iiit  can  be  formed 

tii.l  1..-.'  i,'f<-">)  bus  shown  in  th<'  wise  of  fat-meta- 

>  iiti.v>i>li<>riis-|i<>isi>ning  ihut  tb<-liit  originnt{>i:- within 

:i,v  now,  tliiniiy.it  has  bii-ii  Hmnd  that  the  excretion 
..i.iimUK  inciTiisL'ii  atti-r  |jlii)s|)hi>nis- poisoning,  the 

-.iHniitil' thill  afl-iT  phiis]>hi'nis-miisiining  proteid  i« 

■:  i;i\-iitfr  ilfgii'i'.  iiiiti  that  tin;  non-nitrogenous 
-:ii^  lliiit  ariMi'n  during  thi'  (lecoiii|)osition  is  the  fat 
',■  ivlls,  while  the  uitrogemm.s  portion  is  tiiinsformed 
■l^^•ll  I'lV  til  the  outside.     The  iirigiii  of  fat,  at  least 

;^,-iitht>ses,  must  be  regaRhd  as  wh.illy  aimlogous. 

;i!.'iw  of  Hi»(W(s  wcf-amio-fhi-sit  fonn  a  complete 
"vw  of  fat-metamorphosis.     As  in  the  latter  fat, 

,!  iimeus.  is  fonncd  from  the  living  substance  of  the 
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cell.  In  many  cases  the  mucus  that  appears  contains  genuine  mucin. 
in  others  it  consists  of  mucinoid  substances,  but  it  is  always  a 
compound  of  proteid  with  some  kind  of  carbohydrate.'  It  is  seen, 
therefore,  that  in  mucous  metamorphosis  thi3  origin  of  the  mucus 
iies  in  the  proteid.  Mucous  metamorphosis  occurs  also  normally 
in  the  healthy  body,  especially  in  the  cells  of  the  mucous  membranes 
of  the  respiratory  and  intestinal  tracts,  as  well  as  of  the  urogenital 
system.  In  the  formation  of  mucus  by  these  mucous  cells 
under  normal  conditions  the  whole  cell  never  perishes,  but  a  part 
only  of  its  protoplasm  is  transformed  into  mucus.  Almost  always 
mucous  cells  are  cylindrical  cells ;  their  basal  part  contains  the 
nucleus,  and  their  upper  end  bounds  the  free  surface  of  the 
mucous  membrane.     It  is  always  the  upper,  free  end  of  the  cell- 


body,  the  protoplasm  of  which  is  transformed  into  mucus,  swelling 
up  into  a  transparent  mass  containing  separate  protoplasmic 
granules ;  each  mass,  having  no  boundary,  unites  with  the  mucous 
masses  of  the  neighbouring  cells  into  a  coherent  mucous  cover- 
ing. The  process  is  a  continual  one  and  is  increased  by  certain 
external  innuences.  The  lower  part  of  the  cell-body  containing 
the  nucleus  continues  to  live  (Fig.  146),  and  constantly  shoves  up- 
ward new  masses  of  mucus-forming  substance,  or  mucigen,  which 
ln.'come  transformed  into  mucus  in  proportion  as  they  move  along. 
A  complete  transformation  of  the  whole  cell-body  into  mucus, 
accompanied  by  the  death  of  the  cell,  occurs  in  many  lower  animals 
upon  strong  external  stimulation ;  the  phenomena  of  this  process 
are  very  remarkable.  They  are  most  remarkable  in  certain  forms 
of  sea- cue  umbers,  or  holothurians,  belonging  to  the  EckiTwdermata^ 
plump  animals,  whose  bodies  are  covered  by  a  tough,  brown, 
leather-like  skin  and  resemble  a  cucumber.  If  Holothuria  Poli,  e.g.^ 
'  Cf.  p.  108. 
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product  of  which  is  the  amyloid  substance,  or  because  passively 
they  are  torn  apart,  pressed  upon,  asphyxiated  and  killed  by  the 
substance  accumulating  in  masses.  Amyloid  metamorphosis  is  a 
secondary  phenomenon  of  disease,  appearing  especially  in  comiection 
with  long-existing,  chronic  diseases,  such  as  tuberculosis,  long- 
continued  suppurations,  etc.,  in  the  abdominal  organs,  especially 
the  spleen,  liver,  kidneys  and  lymphatic  glands.  This  indicates 
that  nutritional  disturbances  of  the  tissues,  very  gradually  developed 
and  profound,  cause  the  cells  to  be  put  into  the  condition  where 
their  nroteid  changes  gradually  into  amyloid  substance.  Beyond 
what  nas  been  stated,  amyloid  metamorphosis  remains  still  one 
of  the  most  enigmatical  among  the  metamorphic  processes,  al- 
though it  is  wide -spread  and  possesses  great  importance  in 
pathology. 

Finally,  cakijkation  is  in  a  certain  sense  a  counterpart  to  amy- 
loid metamorphosis ;  for,  as  in  the  latter  amyloid  sut^tance,  so  in 
the  former  lime-salts  are  formed  by 
the  cells,  and  are  either  excreted  to 
the  outside  or  deposited  in  the  dying 
cell-substance  itself.  The  formation 
of  bone  in  the  normal  body  is  analo- 
gous to  the  former.  Large  skeletal 
bones  develop  from  a  cartilaginous 
basis;  the  cartilage-cells  excrete  into 
the  ground-substance  calcareous  salts, 
■especially  calcareous  phosphate  and 
carbonate ;  particles  of  these  press 
gradually  upon  one  another,  blend 
together,  and  thus  form  the  solid  bony 
substance,  in  which  the  bone-cells 
continue  to  live  as  so-called  bone- 
corpuscles.  This  process,  which  aj 
pears  absolutely  necessary  in  the  c 

organism,  occurs  also  under  pathological  conditions,  especially 
when  in  old  age  or  after  certain  diseases  the  cartilaginous  discs  in 
the  joints  ossify.  In  these  cases  the  same  phenomena  are  present, 
excepting  that,  as  a  rule,  the  cells  by  which  the  lime-salts  are 
-excreted  later  die.  Besides  this  ossification,  there  occurs  also 
under  pathological  conditions  a  true  calcification  of  the  cells 
themselves,  in  which  the  lime-salts  become  stored  within  the 
dying  cell,  until  finally  the  living  substance  has  wholly  disappeared 
-and  its  place  is  taken  by  a  cemented  calcareous  mass.  This 
Jiappens  in  the  walls  of  the  arteries  (Fig.  149,  A),  so  that 
they  become  brittle  and  afford  an  opportunity  for  hEemorrhages ; 
if  tne  latter  take  place  in  the  brain  they  constitute  apoplexies,  or 
so-called  paratj-tic  strokea  Further,  in  certain  brain-diseases  the 
ganglion -eel  Is   of    the    brain    become     calcified,    and   there    are 


,  118.— Amyloid  d>gsti«nttlDD  of  tbo 
otpUlarieg  of  the  llvar;  the  onli. 
■n  forced  aput  by  the  . 


Bd  anut  by 
itored  up  b 


n>  tfaen 


felopment  of  the  vertebrate 
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ifiiiul,  i.t/.,  in  the  brains  of  idiots,  "  petrified"  ganglion-cella  in  ihe 
(I lie  -n'hM'  i»t'tho  word  (Fig.  149,  B), 

\\\fyiK{vs  the  fonns  of  metamorphic  processes  here  presented, 
iwutiolu^v  reco(;i\ises  others,  sucn  as  pigTMnt^Topky^  hydlvM 
.iiifiHUiUioit,  colloid  metamorphosiSf  etc.,  at  the  basis  of  which 
lilt  i(^  iH  always  the  same  principle,  namely,  that  the  meta- 
t.i.h  .III  uf  the  eells  takes  a  perverse  course,  and  forms  substanoes 
( li.ii  ihuiuully  an^  fonned  either  not  at  all  or  only  in  slight  quantityp 
ilir   hiiiil  result  iM'ing  the  death  of  the  cell.     But  m  tne 


I  B 

w.t.  kit. -kii'u  fr  KoW*.    A,  CulciAed  colls  in  the  wall  of  a  hkwd-TetwL    M,  f^rirHlod 
g.u«teUi>ii  \v\\n  fntiii  the  brain  of  an  idiot.    (After  Ziegler.) 

,i«.  iiii.ii*  A  ilu  :je  'suU'ftiUKvs  imd  their  genesis  are  much  less  known 
. Iim    Ml  ilic  im'ii4uiei'phie  processes   that  have  been  discussed; 
^  :,        x\    Auy.j    not    appear  necessary   in   this  place  to  go  into 
X   nill\ 

../    tils  i.uiu»n»lui*  processes,  especially  the  genesis  of  the 

.'in     Mii\'   \\\  iheiii  and  the  disturbances  of  normal 

.    ,         .,^i,>ii    wKu'h    iliey  rest,    need    greater   elucidation; 

^     I      v\i!l  ,  *Miu'  II)  pri>i>ortion  as  the  knowledge  of  meta- 

,     .  i.|'  Ui  I  ^»lu^ '*.  evleiided. 


».     ilU    vVrsKS   OF    DEATH 


.k^     \^hA    u»   death    are   as   manifold   as   are    its 
N\.   \vw    *'i\\4\U  I om-hed  here  and  there  upon  some 
„..  'mi  "    i*»  uu|HK»isible  to  treat  these  in  every 
\*  V  n^xe.x'uUN.  ht^wever,  to  go  s<miewhat  more 
.a.i-u\>    ^eeause   with  them  is  joined   the 
,,    xu^iui  sIvMlh  is  for  all  living  organisms  the 


>^^»-.-.\  •■\ 


''N;      '^^^  ^    ^»;   iiKiukind — in  other  words,  whether 

,. ,  . 'v  XX  \^iK^^  .u\*  immortal. 
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1.  External  and  Internal  Causes  of  Death 

If  we  start  from  the  fact  that  life  can  only  arise,  and,  moreover, 
must  arise,  as  soon  as  a  certain  complex  of  conditions  is  fulfilled, 
the  causes  of  death  in  their  general  form  are  evident ;  for  death 
must  then  take  place  so  soon  as  the  general  conditions  of  life 
disappear.  In  accordance  with  the  distinction  between  external 
and  internal  conditions  of  life,  a  distinction  must  also  be 
made  between  external  and  internal  causes  of  death,  according  as 
death  is  due  to  the  removal  of  the  external  or  of  the  internal 
vital  conditions. 

To  examine,  first,  the  external  catoses  of  death,  the  fact  does  not 
require  detailed  consideration  that  withdrawal  of  oxygen,  water  and 
food-stuffs,  and,  further,  exceeding  the  necessary  limits  of  tempera- 
ture and  pressure,  lead  to  death,  except  in  the  case  of  organisms  that 
under  certain  conditions  pass  into  the  state  of  apparent  death. 
But  these  do  not  include  all  the  external  causes  of  death.  All 
these  conditions  may  be  fulfilled  and  yet  death  be  brought  about 
by  the  action  of  external  causes.  Hence  we  must  reckon  among 
the  external  conditions  of  life  the  absence  of  such  influences  as  are 
destructive  to  living  substance,  especially  chemical  and  electrical 
influences. 

The  chemical  influences  that  produce  fatal  effects  are  the 
poisons,  and  they  are  innumerable.  All  chemical  substances  that 
come  into  chemical  relation  with  any  of  the  essential  constituents 
of  living  substance  so  that  the  mechanism  of  metabolism  thereby 
suffers  disturbance,  cause  death,  sometimes  after  very  brief,  some- 
times after  long-continued  action,  death  following  very  rapidly  or 
constituting  the  end  of  long,  necrobiotic  changes.  If,  e.g.,  mineral 
acids  or  metallic  salts  act  upon  the  living  substance  of  a  cell,  the 
cell  inevitably  dies,  because  all  proteid  is  precipitated  or  chemically 
combined  by  these  substances  so  that  metabolism  must  cease. 
Other  substances  that  are  poisonous  to  all  living  substance  are  the 
anaesthetics  (chloroform,  ether,  alcohol),  the  vapours  of  which  by 
continued  action  finally  bring  all  vital  phenomena  to  a  standstill, 
whether  in  plants,  animals  or  unicellular  forms.^  To  what  change 
of  the  living  substance  this  peculiar  effect  of  anaesthetics  is  due 
is  for  the  present  wholly  unknown ;  and  the  same  must  be  said 
of  the  great  majority  of  poisons  that  act,  some  upon  all  living 
substance,  and  some  upon  certain  cells  only. 

Like  poisons,  electricity  in  great  intensity  also  acts  harmfully  to 
living  substance  by  producing  chemical  changes  in  it.  It  is  well 
known  that  chemical  compounds  in  solution  can  be  decomposed 
by  a  galvanic  current.     The  compounds  of  living  substance  are 

^  Cy.  Bernard  ('78). 

Z 
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likewise   decomposed   by   strong  galvanic   currents,   so   that 
living  substance  is  killed  and  disintegrates. 

Thus,  external  causes  of  death  are  superficially  clear  and  disti 
although  the  details  of  their  actions  are  still  largely  unknown. 

It  is  entirely  diflferent,  however,  with  th^  intcimal  caum 
death.  They  are  still  very  obscure.  Many  investigators  bel 
that  there  are  no  internal  causes  of  death  that  are  h 
upon  the  properties  of  living  substance,  and  they  exp 
the  appearance  of  death  in  old  age  in  people  who  have  n 
been  ill  by  the  gradual  accumulation  of  small,  impercepi 
disturbances  during  the  whole  life.  This  is  the  most  freqi 
explanation  of  the  phenomenon.  But  it  appears  very  insufiSci 
Johannes  MuUer  ('44)  was  not  satisfied  with  it.  In  the  cha 
upon  the  Mortality  of  Organic  Bodies  in  his  handbook,  he  si 
"  The  question  why  organic  bodies  perish,  and  why  om 
force  passes  from  the  parts  producing  it  into  the  young,  li\ 
products  of  the  organic  body  while  the  old  parts  die,  is  one  of 
most  diflScult  in  all  general  physiology.  We  are  unable  to  ans 
this  question,  but  can  merely  present  the  associated  phenomena, 
is  insufficient  to  answer  that  inorganic  influences  gradui 
wear  away  life,  for  then  the  organic  force  would  be  obliged 
begin  its  diminution  at  the  beginning  of  the  individual.  Yet  i 
well  known  that  at  the  time  of  puberty  organic  force  is  still 
complete  that  it  multiplies  itself  in  the  formation  of  ger 
There  must,  hence,  be  a  very  different  and  deeper-lying  ca 
that  conditions  the  death  of  individuals,  while  assuring  the  tn 
mission  of  organic  force  from  one  individual  to  another  anc 
this  way  its  immortality."  Many  such  objections  may  be  mi 
Were  the  view  correct  that  death  is  brought  about  by  the  sum 
tion  of  the  actions  of  external  injuries,  it  would  be  expected  1 
a  man  who  lives  very  regularly  and  avoids  as  much  as  possible 
harmful  things  would  necessarily  live  much  longer  than  one  ' 
lives  irregularly  and  exposes  himself  to  many  hardships.  1 
even  if  such  a  difference  in  the  duration  of  life  should  occui 
many  cases  it  would  always  be  minute,  for  the  oldest  men  l 
not  lived  much  beyond  120  years,  and  not  all  of  these  pen 
have  followed  an  especially  regular  course  of  life.  Another  circ 
stance  comes  in.  In  all  men,  without  exception,  whether  du] 
their  life  they  have  been  exposed  to  the  greatest  or  the  least  danj 
whether  they  have  been  often  or  never  ill,  or  whether  they  Y 
had  this  or  that  disease,  the  same  phenomena  of  old  age  fin 
appear,  consisting  of  atrophic  processes  of  almost  all  org 
With  special  reference  to  the  last  circumstance  Cohnheim  (77- 
rightly  indicates  another  explanation  in  saying:  "The  const; 
with  which,  no  matter  whether  many  or  few,  and  especially  ^ 
pathological  phenomena  have  occun'cd  in  the  life  of  an  indivL» 
a  more  or  less  pronounced  atrophy  appears  in  all  organs  c^ 
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\ycAy  in  old  age,  in  my  opinion  speaks  verj-  evidently  for  the  idea 
-fjliat  the  conditions  of  senile  atrophy,  so   to  speak,  are  physio- 
logical."     Minot  ('90,  '91)  also   adopts   the   same  standpoint  in 
l^is  researches  upon  growth  and  the  phenoinena  of  old  age.     In 
£EiCt,  when  man  is  considered  not  as  som(^ thing  completed  and 
ixiu;hangeable ;  when,  rather,  his  whole  development  is  observed, 
3jid  it  is  seen   how,   although   living  always   under  the    same 
ezteroal  conditions,  he  changes  gradually  after  birth  ;  how  even  in 
oUMhood  many  organs,  such   as   the  thymus   glands,  normally 
^trophy,  although  not  the  slightest  injuries  from  the  outside  act 
upon  them  :  and  how  later  in  all  women  even  in  the  prime  of  life 
tne  sexual  organs   degenerate,  etc.,  etc., — it   ciin   no   longer  be 
doabted  that  senile  atrophy,  which  leads  finally  to  death  from  the 
feebleness  of  old  age,  is  simply  the  end  of  the  long  developmental 
series  that  man,  like  every  animal,  must  pass  through  during  his 
individual  life.     In  reality  there  is  no  standstill  in  the  life  of  the 
(KjfMiism.     As  the  adult  organism  develops  gradually  from  the 
small  egg-cell  without  the  slightest  change  of  its  external  vital 
conditions,  as  is  the  case  in  many  animals  living  in  the  water, 
so  it  develops  also,  although  at  a  different  rate,  gradually  farther 
to  a  senile,  and  finally  to  a  dead,  organism.     The  egg-cell   is  the 
beginning,  death   in   old   age  the  natural   end  of  an   unbroken 
development,  the  cause  of  which  lies  in  the  j>eculiar  coniiK)sition 
of  the  living  substance  of  the  egg-cell.     It  would,  hence,  be  more 
correct,  in  place  of  the  current  view  that  death  is  conditioned  by 
the  continual  summation  of  external  causes,  to  believe  that  the 
causes  of  so-called   natural   death  exist  in  the  living  organism 
itself 

This  view  is  justified  at  once  if  the  history  of  death  be  con- 
sidered, not  simply  with  reference  to  mankind,  but  comj)aratively. 
The  fact  that  the  idea  of  death  as  an  end -result  of  the  develop- 
niental  series  appears  so  late  in  the  history  of  science  is  closely 
associated  with  the  prevalent  view,  that  man,  when  grown,  has 
finished  his  development  and  exists  for  years  and  decades  in  a 
stationary  condition.     This  view  is  thoroughly  false,  and  is  due 
simply  to  the  fact  that  man's  development  takes  place  much  more 
slowly  during  his  adult  life  than  during  his  embryonic  and  youth- 
ful stages.     In  reality,  development  never  ceases.     Changes  are 
seen  clearly  enough  when  the  conditions  of  the  adult  are  com- 
pared at  long  inter\'^als  of  time.     Although  no  new  organs  are 
fonned  in  the  meantime,  the  man  of  thirty  years  is  a  different 
being  trom  the  man  of  forty  years,  the  man  of  forty  from  the  man 
of  fifty  and  sixty.     A  stationary  condition  is  never  present;  cell- 
division,  upon  which  firom  the  egg-cell  on  all  development  depends, 
takes  place  in  adults  and  even  in  old  men,  although  it  becomes 
constantly  slower  and  slower.     What  is  difficult  to  recognise  in 
'nan    ig  shown  at  once  by  a  glance  at  the  relations  that  prevail 
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among  iiiso  &  While  in  maji  adult  life  is  extremely  I<m-„j 
comparison  with  that  of  the  emfarj'o,  in  most  insects  the  rcYW 
prevails.  IJany  insects  die  very  soon  after  copniatine  or  depofiifr- 
ing  the  eggs ;  the  only  indiWduals  to  hve  longer  are  those  that  do 
not  copulate.  The  best  example  is  afforded  by  the  day-Dies.  The 
completely-developed  adult  individuals  freuuently  live  but  a  few 
hours,  dying  immediately  after  depositing  ine  eggs.  These  fitcts 
prove  most  strikingly  that  the  causes  of  death  are  not  to  be  found 
in  the  summation  of  many  external  injuries,  but  are  already 
established  within  the  organism  itself,  and  death  is  simply  the 

tatural  end  of  development.  In  other  words,  the  problems  of 
evelopraent  and  deatn  belong  inseparably  together,  the  latter  is 
merely  a  part  of  the  former. 

We  will  now  summarise  the  resuib)  of  these  considerations  once 
more  and  in  somewhat  different  wonis.  The  idea  expressed 
regarding  the  causes  of  natural  death  is  based  upon  the  impor- 
tant fact  that  the  organism  undergoes  uninterrupted  chiuige 
&om  its  individual  origin  to  its  death.  The  various  parts  of  tfie 
organism,  however,  take  part  in  this  change  in  very  diflTurent 
degrees  and  at  very  different  rates.  In  this  manner  there  coiuus 
gradually  in  the  life  of  everj-  organism  a  time  when  the  action  of 
its  mechanism  has  experienced  such  a  disturbance  through  the 
changes  that  the  individual  parts  have  undergone  in  its  develop- 
ment, that  it  passes  into  death.  For  the  multicellular  organism 
this  means  that  from  internal  causes  the  various  cells  and  eel). 
groups  of  its  organs  become  gradually  so  changed  in  their  de- 
velopraent.  that  with  the  close  dependent  relation  among  all  cells, 
tis-sues,  and  organs,  the  disturbance  of  their  co-operation  becomes 
constantly  greater  until  the  organism  dies.  The  immediate  causes 
of  death  may  be  verj'  different  for  the  different  cells  of  the  multi- 
cellular organism.  Many  of  the  cells  and  tissues  invariably  die 
from  causes  lying  outside  of  them  but  within  the  organism, 
because  the  parts  upon  which  they  are  dependent,  which  belong 
to  their  external  conditions  of  life,  as,  t.g.,  tne  nerve-centres,  have 
undergone  disturbances  and  have  died.  If  the  ganglion-cells 
whose  activity  controls  the  movements  of  respiration  have  perished, 
respiration  ceases,  the  heart  stands  still,  blood  circulates  in  the  tissues 
no  longer,  the  tissue-cells  are  no  longer  nourished,  and  all  the 
tissues  alike  perish  sooner  or  later,  because  their  external  con- 
ditions of  life  are  withdrawn.  But,  if  the  individual  tissue-cell 
does  not  die  from  external  causes,  exactly  the  same  is  true  of  it 
as  of  the  cell -com  muni  ty — the  condition  of  its  living  substance 
undergoes  uninterrupted  change  from  internal  causes,  and  there 
gradually  develops  a  point  of  time  when  the  disturbances  in  the 
co-oji(;rati(in  of  its  constituents  have  become  so  great  that  l-*"-- 
ceasi'H.  These  statements  do  not,  indeed,  disclose  the  spec^ 
events  in  living  substance,  the  result  of  which  is  death,  no  mo 
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than  they  reveal  the  mechanism  of  development  and  life  in 
general ;  but  they  afiFord  a  simplification  and  a  sharper  formula- 
tion of  the  problem,  and  bring  us  somewhat  nearer  to  an 
understanding  of  it. 

The  problem  of  development  and  the  problem  of  death  contain 
the  same  question,  namely :  Why  does  livmg  substance  continually 
change  during  its  individual  life  ?  Deeper  penetration  into  the 
chemism  of  the  living  cell  will  alone  be  able  to  reveal  the  special 
causes  of  this  phenomenon. 


2    The  Question  of  Physical  Imrrwrtality 

If  natural  death  be  considered  from  the  standpoint  just  pre- 
sented, a  question  which  during  the  last  decade  has  been  actively 
discussed  upon  the  scientific  side  constantly  obtrudes  itself,  viz., 
Are  there  not  organisms  for  which  death  is  not  a  necessity  ? 

Evidently  an  organism  can  be  imagined  the  development  of 
which  is  such  that  a  disturbance  that  makes  impossible  the  co- 
operation of  the  individual  parts  never  appears.  This  would  be 
the  case  if  the  uninterrupted  changes  that  appear  during  the 
development  of  the  organism  in  question  form  a  series  composed 
of  members  recurring  periodically.  Such  a  development  could 
perhaps  be  represented  schematically  in  the  form  of  the  solution 
of  a  periodic  continued  fraction,  which,  transformed  into  a 
decimal  fraction,  would  give  a  periodic  series,  while  the  develop- 
ment of  an  organism  that  is  destined  to  die  might  be  compared  to 
the  solution  of  a  definite  fraction.  Theoretically,  such  a  hypo- 
thetical organism  would  necessarily  be  immortal  under  external 
conditions  that  always  remained  exactly  the  same.  It  is,  however, 
a  question  whether  such  organisms  really  exist. 

Weismann  ('82,  *84)  believes  that  this  question  can  be 
answered  in  the  affirmative,  and  it  is  interesting  to  follow  his 
discussion.  He  finds  a  fundamental  difference  between  multi- 
cellular organisms  and  unicellular  Protista.  Starting  from  the 
thought  that  the  term  death  can  be  employed  only  where  a  corpse 
exists  afterwards,  he  considers  all  multicellular  organisms  as 
mortal,  and  all  unicellular  organisms  as  immortal.  In  multicellular 
organisms  no  case  is  known  where  sooner  or  later  the  body  does  not 
die.  In  unicellular  forms,  however,  this  is  not  true.  A  unicellular  in- 
fusorian,  e.g.,  never  becomes  a  corpse  unless  it  is  the  victim  of  an 
external  catastrophe.  It  grows  and  divides  into  two  halves  when 
it  has  reached  a  certain  size,  but  each  half  likewise  grows  and 
later  divides  and  so  on,  and  Weismann  believes  that  this  continues 
without  end.  But  since  the  two  halves  are  wholly  alike,  and 
since  the  species  can  be  maintained  only  by  continued  division, 
a  corpse  is  never  found,  and  a  half  never  dies  without  external 
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causes.  Hence,  according  to  Weiemann's  idea,  nnicelliiki-  organisms 
are  immortal.  Weismann,  therefore,  disputes  the  view  that  death 
is  a  phenomenoii  grounded  in  the  nature  of  living  substance,  and 
does  not  believe  that  it  depends  upon  ■'  purely  internal  caus»« 
inherent  in  the  nature  of  life  itself.'  He  holda death,  rather,  to 
be  a  phenomenon  of  adaptation  which  has  been  (;voIv(^d  in  tbc) 
course  of  the  organic  development  of  the  earth  as  luivantageous, 
and  he  represents  its  appearance  in  the  organic  series  somewhat 
as  follows :  In  the  umcellular  Protista  all  the  functions  of  the 
body  including  that  of  reproduction  are  localised  in  a  single  cell. 
If,  therefore,  natural  death  were  a  necessity  for  the  uniccUiiIar 
organism,  reproduction  would  terminate  with  deatii ;  and,  since 
with  the  equality  of  the  parts  resulting  from  division  the  same 
holds  good  for  all,  after  a  snort  time  the  species  in  t[uestiun  would 
become  extinct.  Hence  in  unicellular  forms  death  is  impossible, 
Weismann  maintains,  because  otherwise  the  speciefl  would  become 
extinct  In  multicellular  organisms,  on  the  other  hand,  the  high^* 
we  go  in  the  series,  the  more  a  contrast  develops  between  the 
sexual  cells,  which  serve  for  reproduction  only  and  hence  for  the 
maintenance  of  the  species,  and  the  cells  of  the  rest  of  the  body, 
which  in  the  higher  animals  have  completely  lost  the  [lower  of 
reproducing  the  species.  Here,  therefore,  there  is  the  possibility 
of  death  without  the  maintenance  of  the  species  thereby  being 
endangered ;  for,  if  only  one  reproductive  cell  really  n^produces,  if 
only  one  egg  develops,  all  the  rest  of  the  body  can  die  without  the 
species  becoming  extinct.  Since  now,  as  Weismann  says,  "  the 
unliinitetl  duration  of  the  individual  would  be  a  luxury  withoat 
any  advantage,"  according  to  the  well-known  principles  of  selection 
inunortality  has  been  lost  a.s  distidvanttigcoiis  and  death  has  been 
evolved.  "  In  unicellular  anitnals  it  was  impossible  to  establiah 
noi-mal  (loath  because  the  individual  and  the  reproductive  cell 
wore  one  and  the  same;  in  multicellular  organisms,  however, 
somalic  and  reproductive  colls  were  separate,  death  became  possible, 
and  we  see  that  it  was  established." 

It  cannot  be  denied  that  these  deductions  of  Weismann  soond 
very  ])lausible ;  nevertheless,  they  are  not  invulnerable,  and  have 
already  called  forth  much  active  contradiction. 

Especially  has  the  claim  always  been  contested  that  unicellular 
oiganisms  should  be  considered  immortal  for  the  single  reason 
that  their  body  never  becomes  a  corpse  In  defining  the  concep- 
tion of  death,  emphasis  has  been  laid  by  Weisniann's  opponentB 
largely  upon  the  cessation  of  the  individual  life,  and  it  has  been 
said :  If  the  unicellular  orgsuiism  divide.'*  into  halves,  its  individual 
existence  is  therewith  ended  ;  but  whore  the  individual  existence 
ceases,  the  term  immortalitv  cannot  bo  used,  since  in  reality  the 
individual  has  perished ;  death  and  reproduction  here  coincide^ 
It  is  evident  that  here  there  is  simply  a  contest  over  ideas,  which 
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leaves  untouched  the  phenomena  themselves,  for  in  the  end  it  is  a 
matter  of  taste,  whether  the  appearance  of  a  corpse,  or,  what  is 
more  general,  the  end  of  the  individual  existence,  is  regarded  as 
the  essential  factor  of  death. 

The  fundamental  distinction  which  Weismann  makes  between 
unicellular  and  multicellular  organisms  respecting  immortality 
may  be  attacked  from  another  side.  As  has  been  seen,  Weismann  s 
theory  of  the  immortality  of  unicellular  organisms  rests  upon  the 
supposition  that  the  reproduction  of  these  forms  by  division  can 
go  on  without  end,  without  any  remnant,  any  corpse,  being  left  over. 
It  is  a  question  whether  this  supposition  is  correct. 

A  few  years  ago  Maupas  ('88)  carried  out  upon  Infusoria  a 
series  of  striking  researches,  from  which  it  appears  that  in  that 
group  this  is  not  the  case.  He  bred  Infusoria  in  cultures  for 
many  generations,  and  found  that  after  a  large  number  of  succes- 
sive divisions  the  individuals  gradually  showed  changes  that  led 
inevitably  to  death,  unless  after  a  long  period  of  dividing,  leading 
often  to  hundreds  of  generations,  the  opportunity  was  given  them 
to  conjugate,  i.e.,  to  enter  into  a  correlation  that  corresponds  in 
unicellular  organisms  to  the  process  of  fertilisation  in  higher 
animals.^  Only  when  a  series  of  divisions  was  followed  by  a 
period  of  conjugation  were  the  individuals  separating  after  conju- 
gation in  condition  to  divide  again  unchanged  without  passing 
gradually  into  death.  If,  however,  the  individuals  were  isolated 
after  every  division,  after  some  time  they  inevitably  died.  There 
is  here  presented,  therefore,  a  real  phenomenon  of  old  age,  which 
corresponds  completely  to  the  senile  atrophy  of  tissue-cells  in 
man  and  the  higher  animals,  and  Maupas  himself  was  forced  to 
reject  Weismann's  doctrine  of  immortality.  But  at  this  point,  to 
save  the  doctrine,  Gruber  ('89)  speaks  a  word  for  Weismann  and 
says :  "  It  is  true  that  those  individuals  that  by  chance  do  not 
conjugate,  perish,  but  the  material  of  the  others  lives  on  for  ever." 
Since  now,  in  nature  conjugation  is  the  custom — for,  otherwise, 
the  Infusoria  would  long  since  have  become  extinct — the  members 
of  this  group,  Gruber  thinks,  are  really  immortal.  Although  the 
justice  of  this  argument  is  to  be  recognised,  another  fact  should 
be  noticed.  R.  Hertwig  (*88-'89),  who  studied  very  carefully  the 
events  of  conjugation,  found  that  a  part  of  every  cell  dies  during 
the  process,  viz.,  the  macro-nucleus  and  a  part  of  the  daughter- 
nuclei,  derived  by  continuous  division  of  the  micro-nuclei.  These 
constituents  of  the  cell  break  up  into  small  fragments,  which 
finally  become  completely  dissolvea  in  the  protoplasm.^  In  other 
words,  portions  of  the  individual  actually  die.  That  the  material 
derived  from  their  disintegration  is  finally  consumed  again  by  the 
cell,  like  the  ingested  food,  does  not  banish  the  fact  that  these 
parts  really  die.     The  cells  that  disintegrate  in  the  histolysis  of  a 
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tadpole's  tail  and  the  death  of  which  no  one  will  deny,  are  likewise  | 
employed  again  as  material  for  the  construction  of  other  organs.  I 
But,  if  in  the  conjugation  of  the  Lt/usoria  there  are  really  dying  I 
parts,  really  partial  corpses,  the  fundamental  contrast  between  i 
unicellular  and  multicellular  organisms,  maintained  by  Weismann, 
disappears,  and  the  whole  difference  consists  simply  in  the  quanti- 
tative relation  of  the  surviving  and  the  dying  substance ;  in 
multicellular  organisms  only  the  body-cells  die,  while  the  J 
reproductive  cells  continue  to  live.  In  general,  it  would  be  wholly  j 
-incorrect  to  say  that  in  multicellular  organisms  an  exceedingly  j 
large  mass,  namely,  the  whole  body,  dies,  and  only  tiny  masses,  | 
the  ova  or  spermatozoa,  remain  living,  while  in  Infusoria  the  ] 
greater  part  remains  living  and  the  smaller  part  dies.  There  are  1 
examples  among  animals  where  the  relation  does  not  diSer  at  all  I 
from  that  in  Infusoria.  A  female  frog,  e.g.,  produces  in  the  course  | 
of  her  life  a  mass  r)f  eggs  that  in  relation  to  her  body  is  even  con- 
siderably greater  than  the  mass  of  cell -substance  that  in  the  in*^ 
fiisorian  body  in  conjugation  remains  living  in  contrast  to  thatJ 
which  dies.  If,  therefore,  the  frog  and,  in  general,  the  multicellular  1 
organism  are  mortal,  the  unicellular  Infusoria  are  mortal  also ;  in  [ 
both  cases  it  is  only  a  part  of  the  living  substance  of  tfai;  individual  \ 
that  is  transmitted  to  the  descendants.  j 

Not  only  in  the  life  of  the  In/wwia.  but  also  in  that  of  other  J 
unicellular  organisms  there  are  periodically  recurring  evenfe,  in  I 
which  parts  of  their  body  perish.  Many  Protista  reproduce  by  the  1 
formation  of  spores.  If  this  process  be  followed  in  a  large  radio- 9 
larian,  E-g,,  T/i-alassicolfa,  which  has  been  studied  in  detail  bjrj 
R  Hertwig  and  Brandt,  it  is  found  that  the  nucleus  in  the  cent»^  .1 
capsule  breaks  u])  into  many  small  nuclei,  which  surround  theniselvos  I 
each  with  a  protoplasmic  mass,  and  develop  intomany8mallsw:uiB-J 
spores;  the  large,  extracapsular,  protoplasmic  body  and  also 
part  of  the  intracapsular  protoplasm,  which  is  not  consumed  in  thej 
formation  of  spores,  perish  completely-  Here,  likewise  and  pei<-<l 
haps  stilt  more  evidently  than  in  the  Infusari/i,  there  are  r«U2vfl 
partial  corpses.  We  see,  therefore,  that  with  the  great  mtyority  c 
unicellular  organisms,  with  all  whose  course  of  development  I 
thus  far  been  studied  in  detail,  Weismann's  idea  does  not  agree. 

'Finally,  the  possibility  is  not  to  be  dismissed  that  there  may  bttJ 
or  may  once  have  been  in  the  courae  of  the  phylogeny  of  HTingrfl 
substaiice.  I^listn,  whose  cycle  of  development  is  so  simple  ^aft 
their  living  substance  simply  grows  constantly  without  conjogationi 
and  without  spore-foi-mation,  and,  when  they  have  reached  a  cert---^ 
volume,  divides  without  any  remnant,  and  continues  to  grow  i 
divideas  longastheexternalconditionsallow.     According  to  W<)i 
mann's  idea,  such  Protista  would  be  really  iuimortal  beings.     Buf 
this  point  the  weakness  of  the  doctrine  of  immortality  appears  1 
haps  most  disiinctly.      If  Weismann's  standpoint  be  accepted,  1 
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not  the  ceasation  of  the  existence  of  the  individual,but  the  transform- 
ation of  living  substance  into  a  corpse,  i.e.,  into  lifeless  substance,  is 
the  criterion  for  the  conception  of  death,  then  the  question  of  the 
existence  of  immortal  organisms  coincides  with  that  of  the 
immortality  of  living  substance  in  general.  But  the  conception  of 
living  substance  as  immortal  will  be  accepted  by  scarcely  any  one 
who  bears  in  mind  the  characteristic  peculiarity  of  living  substance, 
viz.,  that  it  continually  decomposes,  or,  in  other  words,  dies.  There 
is  no  living  substance  that,  so  long  as  it  is  living  at  all,  is  not 
continually  decomposing  in  some  parts,  while  being  regenerated  in 
others.  No  living  molecule  is  spared  this  decomposition  ;  the  latter, 
however,  does  not  seize  upon  all  molecules  at  the  same  time ;  while 
one  is  decomposing,  anotner  is  being  constnicted.  and  so  on.  One 
living  particle  affords  the  conditions  for  the  origin  of  another  or 
several  others,  but  itself  dies.  The  particles  newly  formed  in 
turn  give  origin  to  others  and,  likewise,  die.  In  this  manner  living 
substance  is  continually  dying,  without  life  itself  ever  becoming  ex- 
tinct. Hence,  there  is  no  immortality  of  living  substance  itself,  but 
merely  a  continuity  in  its  descent.  Life  as  a  complex  motion  has 
never  become  extinct  from  the  time  of  its  first  appearance  upon  the 
earth  down  to  the  present,  but  living  substance  in  the  form  of  bodies 
is  dying  continually.  Life  as  a  complex  motion  does  not  possess 
true  immortality  any  more  than  it  has  existed  from  eternity.  Just 
as  the  earth  in  its  development  has  passed  through  a  time  when  no 
life  could  yet  exist,  so  it  will  again  pass  through  a  time  when  all  life 
must  become  extinct.  The  moon  now  shows  us  the  fate  that  hangs 
over  the  earth.  From  the  liquid  drop  which  once  was  cast  off'  from 
the  great,  glowing  mass  of  the  earth,  it  has  in  a  briefer  time  passed 
through  essentially  the  same  development  as  the  earth  which  gave 
it  its  origin.  The  intense  cold  that  now  prevails  upon  it  will 
sometime  take  possession  of  the  earth,  and  annihilate  all  life  upon 
the  latter.  So  far  as  the  physical  world  is  concerned,  immortality 
and  eternity  are  the  properties  not  of  any  special  material  system, 
such  as  living  substance,  or  of  any  special  complex  motion,  such  as 
life,  but  only  of  elementary  matter  and  its  motion. 

Heraclitus  compared  life  with  fire.  As  has  been  shown  above, 
such  a  comparison  is  a  pertinent  one.  Our  consideration  of  vital 
conditions  makes  this  more  evident.  It  has  been  shown  that  life 
like  fire  is  a  phenomenon  of  nature  which  appears  as  soon  as  the 
complex  of  its  conditions  is  fulfilled.  If  these  conditions  are  all 
realised,  life  must  appear  with  the  same  necessity  as  fire  appears 
when  its  conditions  are  realised  ;  likewise,  life  must  cease  as  soon 
as  the  complex  of  its  conditions  has  undergone  disturbance,  and 
with  the  same  necessity  with  which  fire  is  extinguished,  when  the 
conditions  for  its  maintenance  cease. 

If,  therefore,  all  vital  conditions  had  been  investigated  in  tV 


minutest  di  ails,  imd  it  were  possible  artificially  to  establish  them 
exactly,  life  could  be  produced  synthetically,  just  as  fire  is  pro- 
duced, and  the  ideal  that  existed  in  the- imagination  of  the  mediie- 
val  alchemists  in  their  attempted  production  of  the  homunculuR 
would  be  achieved. 

But,  notwithstanding  the  fact  that  this  theoretical  possibility 
cannot  be  denied,  every  attempt  at  the  present  time  to  produce 
life  artificially  and  to  imitate  in  the  laboratory  the  obscure  act  of 
spontaneous  generation  mustappear  preposterous.  So  long  as  our 
Tuiowledee  of  internal  vital  conditions,  i.e.,  of  the  composition  of 
living  suDstance,  is  so  imperfect  as  it  is  now,  the  attempt  artificially 
to  compound  living  substance  will  be  like  the  undertaking  of  an 
engineer  to  put  together  .  --- 1----  jjig  most  important  parts  of 
■which  are  wanting.     For  the  p  the  task  of  physiology  can 

consist  only  in  the  inves  "  ,fe.     When  physiology  shall 

actually   have   accomplisl  may  think  of  testing    the 

completeness  and  correctness  oi  .  •  hiovenient  by  the  artiHcial 
inauguration  of  life. 


CHAPTER  V 

STIMUU   AND  THEIR   ACTIONS 

When  investigating  a  phenomenon  of  nature  the  physicist  is 
not  satisfied  with  determining  the  conditions  under  which  it 
exists;  he  endeavours  to  leaiii  also  how  it  is  affected  when  the 
conditions  are  altered. 

life  is  a  phenomenon  of  nature.  In  the  preceding  pages  we  have 
become  acquainted  with  its  manifestations  and  the  conditions  of 
its  appearance,  and  we  have  seen  the  results  of  an  entire  removal 
of  those  conditions.  It  remains  for  us  to  learn  how  vital  phenomena 
areaffected  when  the  conditions  are  altered  and  new  ones  are  allowed 
to  surround  the  living  substance.  Vital  phenomena  are  called 
JpwtenwMw,  when  all  the  external  conditions  of  life  contiaue 
nnchanged,  and  pJunomtna  of  stimulation,  when  other  influences 
act  upon  them.  This  distinction  is  a  valid  one,  but  it  must  be 
borne  in  mind  that  spontaneity  is  not  absolute,  that  as  a  matter 
ofict  spontaneous  vital  phenomena  depend  u}>on  the  interaction 
of  living  substance  and  the  environment  no  less  than  do  the 
phenomena  of  stimulation.  The  former  represent  merely  the 
reaction  of  living  substance  to  normal,  constant  external  vital  con- 
ditions; the  latter,  the  reaction  of  living  substance  to  changed 
external  vital  conditions.  In  many  cases  it  is  quite  impossible  to 
decide  whether  a  given  phenomenon  is  spontaneous  or  a  result  of 
stimulation,  since  even  in  nature  the  external  conditions  of  an 
organism  do  not  remain  constant,  but  frequently  change  in 
a  manner  that  eludes  even  the  most  exact  methods  of  investigation. 
In  order,  therefore,  to  study  undoubted  phenomena  of  stimulation 
we  have  recourse  to  the  experimental  method,  and  produce  the 
phenomena  artificially  by  causing  stimuli  to  act  upon  living 
substance.  In  so  doing  we  secure  the  incalculable  advantage  of 
keeping  in  hand  and  controlling  exactly  the  conditions  under 
which  the  phenomena  exist,  and  thus  are  able  to  experiment  with 
Wtal  as  with  simple  physical  phenomena. 


348  GENERAL  PHYSIOLOGY 


L  The  Nature  of  Stimulation 

In  accordance  with  the  foregoing  statements,  a  stimulus  may 
define  as  every  change  of  the  external  agencies  that  act  upon 
organism.  If  a  stimulus  comes  in  contact  with  a  body  tl 
possesses  the  property  of  irritability,  i.e.,  the  capability  of  reacti] 
to  stimuli,  the  result  is  stimulation.  It  is  necessary  to  exami 
somewhat  in  detail  the  general  characteristics  of  the  process 
stimulation. 


A.   THE   RELATION   OF  STIMULI   TO   VITAL  CONDITIONS 

1.  Th^   Varieties  of  the  Stimulus 

If  every  change  of  the  agencies  that  act  upon  the  organis 
from  without  is  able  to  stimulate,  it  is  evident  that  innumeral 
kinds  of  stimuli  exist.     Not  only  may  every  existing  condition 
life  be  changed,  but  new  conditions  may  appear  and  affect  t 
organism.      Notwithstanding   this    possibility,   stimuli    may 
classified  according  to  their  qualities  into  a  few  large  groups, 
natural  classification  is  possible  in  accordance  with  the  forma 
energ3^  which  the  different  stimuli  represent ;  for  the  operation, 
every  external  agent  upon  a  body  depends  upon  a  transformat^ 
of  energy. 

In  accordance  with  this  principle  all  influences  of  a  cheou 
nature  may  be  grouped  as  chemical  stimuli,  including  not  o 
changes  in  the  income  of  food,  water,  and  oxygen,  but  ot 
chemical  changes  which  ordinarily  do  not  come  into  contact  w 
the  organism.  Among  chemical  stimuli  belong  also  the  proces 
by  which  in  the  animal  cell-community  the  nervous  syst 
influences  the  tissue-cells  dependent  upon  it;  for  every  nei 
stimulation  has  at  its  foundation  a  chemical  transformat: 
of  nerve-substance,  which  is  transmitted  to  the  cells  of  I 
tissues  and  acts  towards  the  latter  as  a  chemical  stimulus, 
accordance  with  our  modem  ideas  upon  the  metabolism  of  livi 
substance,  the  old  conception  that  nerve  stimuli  are  mep« 
electrical  stimuli,  and  that  nerves  behave  as  copper  wires,  can  & 
credence  no  longer. 

All  purely  mechanical  influences  that  affect  the  organism  im 
be  termed  mechanical  stimuli,  including  those  that  consist 
changes  of  pressure,  such  as  pushing,  shaking,  pressing,  pulli* 
and  sound -vibrations,  those  that  manifest  themselves  by  moleca^ 
attractions,  such  as  cohesion  or  adhesion  in  the  surroundL 
medium,  and  those  that  depend  on  the  action  of  gravitation. 

Thermal  stimuli  comprise  changes    of   the    temperature    tt 
surrounds  the  organism. 
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PMie  dimtdi  comprise  changes  of  light. 
Bidrml  sitmtUi  comprise  electrical  changes. 
The  above  classes  include  all  forms  of  energy  that  come  into 
lelatioD  with  the  organism.     It  is  observed  that  in  this  enumeration 
mignetism  is  wanting.     But  it  is  now  known  with  certainty  that 
loagoetism  exercises  no   effect  whatever  upon  living  substance, 
aod  cannot  properly  be  termed  a  stimulus.     To  it  was  ascribed 
It  one  time  a  most  far-reaching  and  remarkable  influence  over 
the  living  organism  ;  this  was  when  the  physician  Mesmer  popu- 
larised the  so-called  "  animal  magnetism/  and  when  the  possibility 
of  magnetising  human  beings,  animals  and  plants,  by  means  of 
magnets  was  believed  in.     But  later  research,  and  especially  the 
discoveries  of  the  Scotch  physician,  James  Braid,  showed    that 
tie  phenomena  that  were  observed  in  those  cases  from  which  gross 
(Jeception  was   excluded  were   phenomena  of  hypnosis,  and  had 
flothing  whatever  to  do  with  magnetism  ;  in  their  production  a 
fiece  of  fi^lass,  a  polished  button,  a  gas-flame,  or  any  other  visible 
object  had  the  same  significance  as  a  magnet.    In  accordance  with 
the  mysterious  attraction  that  all  mysticism  is  wont  to  exercise 
over  the  human  mind,  there  are  found  even  at  the  present  time, 
not:  only  among  the  visionary  adherents  of  spiritualism,  but  even 
iDAong  acute  physicians,  some  who  are  convinced  of  the  action  of 
string  magnets   upon   certain    individuals,  especially  ui>on  hys- 
terical women.     But  from  all  observed  cases  sober  investigation 
hsLS  invariably  torn  away  the  veil  of  mysterj-,   and    has   revealed 
either  fraud  on  the  part  of  the  "  mediums  "  or  self-deception  on 
the  port  of  the  observers.     Careful  experiments  upon  the  influence 
of  magnets  upon  the  living  organism  have  always  yielded  negative 
results.  The  recent,  extended  researches  with  very  strong  electro- 
magnets by  Peterson  and  Kannelly  in  America  demonstrate  the 
utter  ineffectiveness  of  magnetism  upon  living  matter. 

Stimuli,  therefore,  comprise  chemical,  mechanical,  thermal, 
photic,  and  electrical  changes  in  the  environment  of  the  organism, 
and  no  others. 


2.  The  Intensity  of  the  Stimulus 

In  order  to  form  a  clearer  idea  of  the  relation  of  stimuli  to  vital 

conditions,  we  must  turn  our  attention  to  the  inteiisity  of  the  former. 

Every  external   vital   condition    can    be   fullilled    in    <lifferent 

degrees:  food,  oxygen,  etc.,  may  be  introduced  in  small  or  large 

quantities ;  the  temperature  may  be  low  ur  high ;  in  brief,  every 

Wtal  condition  can  varv  ei'^wiuallv  within  very  wide  limits  without 

"fe  thereby  being  endangered.     Nevertheless,  limits  to  most  vital 

conditions  are  known,  both  an  upper  and  a  lower  limit,  and  these 

ftre  termed  respectively  mnxiimnn  and  inininnnn.     C/ontinnal  life 


350  GENERAL  PHTBIOLOGT 

is  possible  only  between  these.  If  they  are  oventepped,  destfa 
develops.  But  all  points  between  the  two  limita  are  not  equally 
favourable  to  life.  The  intensity  of  the  life-procen  is  loss  when 
the  vital  condition  is  near  its  maximum  or  minimnm,  than  when 
it  has  an  average  value.  That  degree  of  any  vital  condition  at 
which  life  thrives  best,  at  which  the  intensity  of  the  life-process  Is 
greatest,  is  termed  the  optimum.     But  the  optimum  is  not  always 


inteniiL-diate  between  the  maximum  and  the  minimnm, 
uises  it  lies  nearer  the  former,  in  others  nearer  the  latter. 

In  accordance  with  the  above  diagram  of  vital  conditions 
conception  of  the  stimulus  may  be  at  once  appreciated.  Zf  aa 
organism  exists  at  the  optimum  of  any  vital  condition,  e^.,  ci 
teiiipeniture,  then  every  deviation  of  the  temperature,  whether  in 
the  direction  of  the  maximum  or  the  minimum,  acts  as  a  stiuiulas. 
That  degree  of  any  vital  condition  to  which  the  organism  is 
adapted,  represents  its  optirauni.  it  represents  the  indifferent  point 
of  stimulation :  here  the  stimulus  is  equal  to  zero.  If  ^e 
condition  changes  toward  the  maximum  or  the  minimum,  tbe 
inten.sity  of  the  stimulus  simultaneously  increases  until  it  readies 
the  iiiaximuui  or  the  minimum.  The  stimulus,  therefore,  has  a 
Tiiiiiimum,  which  coincides  with  the  optimum  of  the  vital  condition 
in  LjaL'^tinn,  and  two  maxima,  the  one  at  the  minimum,  the  other 
:tt  tiK:  maximum  of  the  condition.  With  supia-maximal 
stimulation  death  <levclops.  If,  therefore,  a  diagram  of  stimulation 
be  cuiistnictod,  tliL-  sauic  jwints  must  be  designated  as  in  the 
diagram  of  vitiil  condition.-i :  but  other  names  must  be  given  them, 
for   thu   optimum  nf   the   conditions  becomes  the  zero-point   of 


Ntimuktion.   the    minimum    and    the    maximum    both 
maxima.     Every  change  of  intensity  between  the  zero-point  and 
oithcr  maxinmm  acts  as  a  .-itimulus. 

This  diagram  comprises  all  varieties  of  stimulus,  even  those 
which,  like-  certain  chemical  and  electrical  stimuli,  under  normal 
conditions  do  not  come  into  relation  with  the  organism  at  alL 
Thi'  intensity  of  the.se  latter  varieties  con.'iidered  as  vital  conditions 
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is  zero :  in  other  words,  the  complete  lack  of  them  corresponds  to 

the  optimum.     They  can,  therefore,  have  but  one  maximum,  so 

that  for  them  only  the  right-hand  portion  of  the  diagram  comes 

into  consideration.     They  are  included  in  the  general  definition  of 

the  stimulus,  namely,  every  change  of  the  external  agencies  that 

act  upon  an  organism ;  this  definition  holds  good  as  well  for  those 

agencies  which,  like  heat,  function  in  a  definite  degree  as  vital 

conditions,   as    for    those    which,  like    electricity,   under    usual 

circumstances  are  absent  from  the  environment  of  the  organism, 

and,  therefore,  do  not  exist  as  conditions  of  life. 

In  considering  the  intensity  of  the  stimulus,  one  more  point 
requires  mention.     Let   us  imagine  an  organism  or  part  of  an 
(tfganism,  «.</.,  a  muscle,  under  conditions  in  which  no  stimulus 
affects  it,  and  let  us  bring  to  bear  upon  it  a  stimulus,  eg,,  the  gal- 
vanic current,  which  varies  in  intensity  from  zito  upward  and  can  be 
graded  easily  and  delicately.     Then  we  should  expect  the  muscle 
to  exhibit  phenomena  of  stimulation,  i.c,  to  perform  a  contraction, 
&s  soon  as  the  intensity  is  increased  above  0.     But  this  does  not 
hskppen.    The  intensity  can  be  increased  considerably  before  the 
zzxuiscle  performs   even   the   slightest    twitch.      Only   when   the 
Lxxt;ensity  has  reached  a  certain  degree  does  the  muscle  respond 
th  a  contraction ;  from  here  on  the  contraction  is  never  wanting, 
,  up  to  a  certain  degree,  becomes  more  energetic  the  more  the 

tensity  is  increased.     The  stimulus,  therefore,  begins  to  oi)erate 

oiilyat  a  certain  intensity,  and  this  point  is  teniied  the  threshold  of»^^*^ 

stimtdatum.    Below  the  threshold  the  stimulus  is  ineffective  ;  above 

iti  the  effect  increases  with  increasing  intensity  of  stimulus.     For 

tlie  different  forms  of  living  substance  the  vahie  of  the  threshold 

very  different.      Thus,  nerve-fibres   are    put   into  activity  by 

tremely   feeble  galvanic  .stimuli,  while  Amcelm   demands  very 

8tn>ng  currents.     The  same  is  true  of  all  other  varieties  of  stimuli 

in  relation  to  the  various  forms  of  living  substance. 


3.  Trophic  Stimuli 

For  the  sake  of  convenience  our  considerations  thus  far  have 
been  based  upon  the  idea  that  a  certain  contrast  exists  between 
vit^l  condition  and  stimulus,  in  so  far  as  the  former  represents  a 
staWe  given  state,  and  the  latter  every  change  of  that  state. 
rhis  sharp  distinction  cannot  be  maintained  for  the  reason  that 
vititil  conditions  are  not  whollv  stable  and  continuous  factoids,  but 
in  nature  are  constantly  undergoing  variatit^ns.  Hence,  under 
certain  circumstances  certain  vital  conditions  can  bu  considered 
also  as  stimuli,  or  what  is  the  samt*  thing,  curtain  stimuli  function 
as  necessary  vital  conditions.  A  few  concrete  cases  will  make  tliis 
at  once  clear. 


With  all  those  organisms  that  Ho  not  exiat  in  a  constantly 
uniform  nutrient  medium,  that  rather  must  seek  their  food,  food 
is  available  oulyat  irregular  intervals.  Periods  of  lack  and  periods 
of  superfluity  alternate  with  one  another.  If  such  an  organism 
has  had  no  food  for  some  time,  if,  f..g.,  an  Amaba,  which  nourish^ 
itself  upon  Alga,  has  been  deprived  of  food  for  some  time  and  by 
chance  cornea  to  a  place  where  Alges  exist,  these  food-organ iams 
operate  ns  a  stimulus  upou  it  and  cause  it  to  creep  toivanl  and 
ingest  them.  Here  food  acts  as  a  stimulus,  although  it  ia  n 
necessary  vital  condition.  Analogous  cases  exist  in  the  cell- 
community.  The  simplest  example  is  afforded  by  the  green 
plants.  Light  forms  one  of  their  most  important  %ital  conditions. 
Without  light  no  cleavage  of  "o-t^""!';  acid,  no  formation  of  starch, 
no  assimilation,  takes  place  in  i,i'"  ■een  parts  of  the  plant;  the 
plant  dies.  Yet  this  condition  ui  goes  the  widest  variaticHis  in 
intensity,  for  light  continually  ernatea  with  darkneas  and, 
therefore,   acts   as  a   stimulus.  it   only   can   the   process   of 

asBimilation  be  regarded  as  a  phenomenon  of  stimulation,  but  the 
light-stimulus  produces,  in  addition,  a  series  of  other,  verj-  evident 
reactions  which  express  themselves  in  motion.  In  the  unimal 
cell -community,  also,  cases  in  which  stimuli  are  a  vital  condition 
are  known  in  great  number.  The  stimulating  impulses  that 
are  produced  in  the  central  nervous  system  become  transmitted 
to  the  tissue-cells  through  the  nerve-fibres.  A  muscle,  c,,?..  moves 
only  when  a  siimulus  is  conducted  to  it  &om  the  brain  or  the 
spinal  cord  through  its  nerve.  If  the  nerve  be  cut  or  in  any  other 
way  be  made  incapable  of  transmitting  the  impulse  from  the 
central  nervous  system,  the  muscle  can  no  longer  move,  and  afWr 
a  time  atrophies.  In  less  degree  a  muscle  becomes  feeble  and 
decreases  in  mass  when  it  is  used  little,  i.e.,  when  few  impulses 
are  sent  to  it  from  the  central  nervous  system.  This  condition  is 
terme<l  atrophy  from  disuse.  This  is  true  not  only  of  muscle- 
cells,  but  of  all  tissues  to  which,  through  their  nerves,  stimulating 
impulses  are  no  longer  conducted.     In  cases  where,  by  disease, 

1a  portion  of  a  nerve  has  become  temporarily  impassable  to  stimuli, 
un>dicai  treatment  endeavours,  often  with  success,  to  hinder  the 
atrophy  of  the  tissue  supplied  by  the  nerve  by  stimulating  it  arti- 
ficialiy  by  electrical  currents,  and  in  this  action  of  the  galvanic 
current  lies  the  sole  therapeutic  importance  of  electricity.  The 
strengthening  of  an  organ  by  use  belongs  also  in  this  category.  By 
continued  use,  as  every  gymnast,  fencer,  oarsman,  and  mountain- 
climber  knows,  a  muscle  of  moderate  strength  can  be  transformed 
in  a  short  time  into  one  i>f  iiiiirki-d  Htri'iigth  !ind  endurance,  the  mass 
increasing  very  considii.ili!'.  'i'Ji-  ■  !^i  i  ■■!  ill  exercise  depends 
upon  the   fiict  that -li'  -rtt  L-ontinunlly  '    ' 

the  organ  in  question,  putting  it  into  in'tivity. 

From  these  examples  it  is  evident  that  certain  stimuli  can 
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st  the  same   time  very  important   vital   conditions;  and   these 
stimuli,  which  are  necessary  to  the  continued  maintenance  of  life, 
irithout  which  the  nutrition,  the  metabolism,  of  the  organs  in 
question  cannot  continue  undisturbed,  are  termed  trophic  stimuli. 

Trophic  stimuli  do  not  stand  in  contrast  with  other  stimuli ; 
the  term  "  trophic  '*  simply  signifies  a  special  peculiarity  of  the 
action,  and  very  diflferent  stinuili  can  have  a  trophic  effect.     As 
regards  trophic  stimuli  that  in  the  animal  organism  are  transmitted 
tlroagh  the   nerves   to  the  tissues,  it   has   been   believed   that 
srpedal  trophic  nerve-fibres  and  nerve-centres  nmst  be  assimied  in 
aiodition  to  the  fibres  and  centres  of  knowTi  function ;  such  nerve- 
fibres  are  asserted   to  have   nothing   whatever  to  do  with    the 
peculiar  function  of  the  tissue  supplied  by   them,  but   merely 
regulate  its  nutrition  and  metabolism.     This   idea   of  so-called 
trophic  nerves  has  produced  in   physiology  and  medicine  much 
mischief   and   confusion,   and    recently   has    misled    many   men 
of  science  into  the  most  fantastic  ideas  and  supposed  discoveries. 
But  for  every  critical  investigator,  who  is  wont  to  associate  a 
definite  idea  with  the  conceptions  with  which  he  deals,  the  con- 
ftised  idea  of  trophic  nerves  is  simply  a  ])iece  of  the  old  mysticism 
of  the  vitalists.     It  is  seen  that  the  tissum})tion  of  special  trophic 
aerves  and  peculiar  trophic  stimuli,  existing  in  addition  to  other 
st^imuli,  is  not  needed  in  order  to  explain  the  phenomena,  but  that 
the  nerves   that   influence   the   characteristic  function   of  every 
tissue  reflate  thereby  the  metabolism  of  the  cells  in  question ; 
in  other  words,  every  nerve  serves  as  a  trophic  nerve  for  the  tissue 
tb&t  it  supplies,  since  the  impulse  which  it  conveys  represents  a 
vdtal  condition  for  the  tissue. 


B.   THE    IRRITABILITY   OF   LIVING   SUBSTANCE 

1.  The  Conception  of  I'nntahility  and  the  Nature  of  Reactions 

Ever)'  process  of  stimulation  requires  two  factors :  a  stimulus, 
and  a  body  that  is  irritable.  If  the  two  factors  come  into 
correlation  there  results  a  phenomenon  of  stimulation,  a  reaction. 
We  have  considered  stimuli ;  we  will  now  consider  irritability. 

A  definition  of  irritability  (excitability)  that  shall  have  general 
application,  must  be  formulated  somewhat  as  follows :  The  irrita- 
aiUy  of  living  substance  is  its  caiyacit)/  of  reacting  to  changes  in  its 
^vircnment  hy  changes  in  the  equilihriam  tf  its  matter  and  its 
^if'ergy.  All  other  factors  that  might  be  inehultMi  in  the  definition 
^ould  be  applicable  to  special  cases  only.  Yet,  frecjuently,  the 
general  conception,  without  being  exactly  defined,  has  more  or 
less  unconsciously  been  made  to  include  special  factuns.  For 
example,  as  regards  the  quantitative  relali(>ns  of  the  stimuli"'  ' 
the  reaction,  that  case  has  been  regarded  as  the  type  in  w' 


'-1i^^ 


3M  GENERAL  PHTBIOLOaT 

enonnous  quantity  of  energy,  the  reacticm,  ia  prodaeed  hf  am 
excessively  email  quantity  acting  as  the  stimulus ;  hence  the  oa5> 
sided  view  of  irritability  as  the  capacity  of  responding  to  lUriit 
stimuli  with  a  disproportionately  great  evolution  of  eiaexgy.  A)> 
case,  although  representing  a  special  condition,  is  very  olmouB 
and  wide-spread,  and  it  is  worth  while  to  consider  its  details 

If,  as  an  irritable  body,  a  muscle  with  its  nerve  be  Beleoted,  and 
as  a  stimulus  the  mechanical  stimulus  of  pressure,  the  followiiig 
arrangement  can  be  made  (Fig.  150).  The  calf-mnaele  (gM*  ' 
trocnemius)  of  a  frog,  the  nerve  of  which  (sciatic)  has  been  froa^ 
is  suspended  in  a  maile 
holder,  the  thigh-bone  to  whiA 
the  muscle  is  attadied  at  ito 
upper  end  being  fiwtened  \j 
a  clamp.  The  lower  end  « 
the  muscle  with  the  tendon  of 
Achilles  is  separated  from  the 
bone,  and  in  the  tendon  a  dit 
is  made,  into  which  a  hook 
attached  to  a  long  thread  ii 
fastened.  This  thread  ia  o 
over  two  easily  moving  n 
and,  at  its  other  end^is  atl 
to  a  pan  containing  a  mif^ 
of  100  gr.  The  nerve  cf 
the  muscle-preparation  lies 
stretched  out  upon  a  horizontal 
sUind.  Every  stimulation  of 
the  nerve  causes  a  twitch  of 
the  iniisclc.  If,  now,  a  weight 
of  10  gi*.  be  allowed  to  fall  upcm 
the  nerve  from  a  height  of 
about  1  cm.,  so  that  the  nenre 
is  mechanically  stimulated  1^ 
the  pressure,  at  the  moment 
of  stimuUitioD  a  twitch  of  the 
muscle  occurs,  and  the  muscle  niises  the  weight  of  100  gr.  to 
a  height  of  about  1  cui.  Here  the  quantity  of  energj-  that  coire- 
!s])i>ncls  to  tli<!  work  of  the  iiiusclo  is  approxiiimtely  ten  times 
greutirthan  the  quantityof  energj- that  has o])frated  as  a  stimulus 
upon  the  muscle;  and  under  fiivuurable.  conditions  the  di»)n>- 
portion  cjui  be  even  niiich  greater.  According  to  the  law  of  the 
conservation  of  energy  it  is  clear  that  the  considerable  quantity  of 
energj-  that  is  set  fR-e  extt^mally  in  the  reaction  cannot  be  derived 
by  the  transformation  of  the  .small  quantity  that  has  been  intro- 
duced int-o  the  organism  in  the  .-:tiinuhis.  It  must,  therefore,  have 
come  from  the  organism  itself,  and  niu.st  have  been  stored  pre-. 
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rionsly  in  the  latter  as  potential  energy.     Hence  in  this  case  the 
irritability  depends  upon  the  fact  that  great  <|uantities  of  {K)tential 
eoetgfs^re  accumulated  in  the  living  substance  of  the  muscle,  so 
that  the  introduction  of  only  a  small  quantity  is  needed  to  trans- 
form it  into   actual   energy.     But  such  irritability  and    such   a 
reaction  are   not  limited  to  living  substance  solely.     Analogous 
conditions    may  be    established    in    lifeless    b<xlies.     A    spring 
stretched  and  held  by  a  fine  thread  that  maintains  the  tension  in 
equilibrium    represents  a  body  in   which   a   great    quantity   of 
potential  energy  is  stored,  although  the  bcKly  is  in  complete  rest. 
If  the  thread  that  holds  the  spring  be  touched  lightly  with  the 
edge  of  a  sharp  knife,  the  spring  flies  back  with  great  force  and 
perfomis  external  work.     By  a  small  stimulus,  represented  by  the 
cutting  of  the  thread,  the  potential  energy  of  the  spring  has  been 
tFUsformed  into  actual  energy ;  the  cutting  of  the  thread  has,  Jis 
is  said,  "  discharged "   the   energy  of  the  spring.     In  explosive 
bodies  also  there  is  such  a  discharge,  and  since  there  it  is  a  dis- 
chaijje  of  chemical  tension,  the  similarity  of  it  with  the  processes 
of  discharge  in  living  substance  is  still  greater,  for  in  the  latter 
abo  potential  energy  is  stored  up  in  the  form  of  chemical  tension. 
In  a  quantity  of  nitroglycerine  the  size  o^  a  pea  there  is  contained 
such  a  quantity  of  potential  energy  that  it  needs  only  a  slight 
impulse  to   produce   a   powerfully  desfructive  effect.     Like   the 
nitroglycerine  molecule,  living  substance  is  explosive,  although  in 
a  manner  that  does  not  call  forth  so  injurious  effects. 

But  the  processes  of  discharge,  tvs  has  bt/cn  said,  are  only  sjK^cial 
cases  of  reactions,  and  the  relation  between  stimulus  and  reaction 
may  be  wholly  different  in  other  cases ;  for,  <>n  the  one  hand,  there 
are  stimuli,  such  as  fall  of  temperature,  withdrawal  of  food,  and  exclu- 
sion of  oxygen,  which  consist  not  in  the  action  but  in  the  with- 
drawal of  energy;  and, on  the  other  hand,  there  are  reactions, such 
as  those  of  narcotics,  which  are  express<Hl  not  by  an  increase, 
but  by  a  decrease  and  even  a  complete  suppressi«)n  of  the  produc- 
ti(Mi  of  energy.  Accordingly,  it  is  characteristic  of  the  process  of 
stimulation  that  no  definite,  genenilly  valid,  relation  as  regards  the 
Quantity  of  energy  exists  between  the  stimulus  and  the  reaction. 
Bence,a  conception  of  irritability  that  is  to  be  generally  valid  must 
he  formulated  as  above.  As  regards  reactions,  it  must  be  siiid : 
The  general  action  of  all  stimuli  irpon  livinfj  suhstance  cayisists  in  a 
change  of  spontaneous  vital  phniomtna, 

With  the  enormous  multiplicity  of  vital  jihenoniena  in  accordance 
with  the  composition  of  living  substance,  and  with  the  great  variety 
of  stimuli, it  isajrrlmn  conceivable  that  the  )ihen<>niena  of  stimu- 
lation must  be  verv  manifold.  M(>re()ver.  to  incns-ise  the  varietv  of 
the  reactions  still  more,  not  onlv  the  ditlVrent  varieties  (►f  the 
stiniulus,  but  also  the  different  intensities,  as  w<-l]  as  the  time  and 
place  of  the  stimulation,  can  call  forth  un<ler  circumstances 
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diEferent  phenomenn.  This  great  nuiltiplicity  in  the  phenotuena 
of  stimulation,  in  cumbiuAtion  with  the  fact  that  general  reactions 
have  not  yet  been  investigated  systematically,  make  it  at  present 
very  difficult  to  deduce  from  the  facts  general  laws  for  reactions. 
Nevertheless,  it  is  possible  to  establish  empirically  for  groups  of 
Btimulation-phenomena  common  peculiarities. 

The  changes  that  spontaneous  vital  phenomena  experience  under 
the  influence  of  stimuli  are  of  various  kinds.  In  the  first  place,  the 
phenomena  may  continue  unchanged  in  quality  and  undergo 
quantitatyM  changes  only.  This  may  be  expressed  either  in  an 
augirientation  of  all,  or  of  single  phenomena — the  reaction  is 
then  termed  excitation  [Erregung] — or  in  a  diminution  of  all 
or  single  phenomena — the  — --'—-i  jg  then  termed  depression 
[Zdhmung]} 

In  the  second  placc,spontaneoiis  tal  phenomena  maybe  wholly 
changed  in  kiiid,  so  that  wholl  w  phenomena  appear  which 
otherwise  do  not  occur  at  all  in  tur  i  fe  of  the  cell.  Such  reactions 
occur,  e.g.,  in  the  metamorphic  phenouena  of  necrobiotic  pnjcessos,* 
where  under  many  influences  not  yet  wholly  known  the  culls  of  the 
body  form  substances,  such  as  amyloid  substance,  which  arc 
completely  foreign  to  them  in  normal  life.  These  reactions  havu 
been  very  little  investigated,  and,  so  far  as  one  can  now  judge,  it 
appears  as  if  they  are  only  secondary  results  of  quantitative  changfta 
nf  normal  vital  phenomena.  Thus,  it  can  be  imagined  that  In 
metamorphic  processes  the  appearance  of  foreign  substances  in  the 
cell  depends  upon  the  fact  that,  as  a  result  of  chronic  stimulation,  one 
or  more  processes  in  the  normal  metabolism  are  gnulually  decreased 
or  have  entirely  dropped  out,  so  that  compounds  that  normally  are 
formed,  but  on  account  of  immediate  further  transformation  do  not 
accumulate,  are  now  stored  in  quantity,  because  the  processes  in 
the  metabolism  that  are  necessary  to  their  transformation  no  longer 
exist.  For  the  present,  however,  this  must  remain  an  hypothesis. 
The  following  consideration  will  have  to  do  chiefly  with  the  pheno- 
mena of  excitation  and  depression.  It  is  not  superfluous  sharj^y 
to  emphasize  our  conceptions  of  stimulus,  excitation,  and  depression, 
as  well  as  the  relations  of  these  to  one  another,  since  not 
rarely  in  physiology  because  of  the  false  idea,  usually  assumed, 
that  a  stimulus  must  always  produce  excitation,  much  confusion 
and  difSculty  in  the  judgment  of  phenomena  have  arisen. 
These   can   be   avoided  if  the  following  definitions  be  accepted  : 

'  [The  best  EnglUh  cquivilenl  of  the  word  Errtgano  ecema  to  mc  to  be 
"eicilation."  The  translation  of  the  word  Liihmvng  has  given  sometrooMe. 
The  eiisComary  English  equivalent  of  the  word  a  "  parnlyais,  hut  it  is  easy  to 
see  til  a  I:  auch  a  rendering  would  not  convey  the  exact  meHoiiiB  of  the  sntDor. 
Afttr  i:oiisidering  and  rejecting  various  propoaed  terms,  1  have  mially  dec''"*"'  "■- 
Fiilopt  aa  the  oppositis  of  excitation  the  comparatively  unobjcctioiiabU 
"  depreaaion." — Y.  S.  L.] 

'  Cf.  p.  330. 
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i.  Every  change  in  the  external  vital  caufJUinns  of  an  organism 

constitutes  a  stiinnbis. 
2.  JStery  augmentation  of  a  vital  phcnomenony  cither  of  one  oi*  tf 
oily  constitutes  excitation. 

3-  Every  diminution  of  a  vital  phenomenon ,  cither  of  one  or  of  all, 

coristit'utes  depression. 

4-  The  oHion  of  stimuli  can  consist  of  excitation  or  depression. 


2.  The  Duration  of  Reactions 

A^nother  question,  that  of  the  duration  of  reactions,  which 
DAturally  thus  far  has  received  much  less  systematic  treatment,  is  of 
no  less  interast,  for  it  is  in  the  closest  relation  with  subjects,  such 
as  those  of  adaptation,  inimunisation.,etc..  which  are  of  far-reaching 
practical  importance.  It  is  to  be  expected  that  these  subjects,  which 
iffoid  very  promising  problems  for  experimental  cell-physiological 
research,  will  soon  attract  more  attention.  For  the  present  only 
&  few  disconnected  discoveries  of  a  very  general  nature  can  be 
specified. 

In  general,  it  may  be  said  that  the  duration  of  the  reaction  de- 
pends primarily  upon  the  duration  and  intensity  of  the  stimulus, 
and  that  after  the  cessation  of  the  latter  the  reaction  passes  away 
tli€  more  rapidly,  the  briefer  and  feebler  the  stimulus  was.  A 
fe^  special  cases  demand  particular  attention. 

To  consider  first   the   relations   imder  prolonged   stimulation, 
usually  during  the  continuance  of  the  stimulation  the  reaction  un- 
deigoes  a  change  in  accordance  with  the  intensity  of  the  stimulus. 
With  fegUfi^atiiailli  there  is,  after  some  time,  an  abatement  and 
finally  a  cessation  of  the  reaction  :  the  living  substance  becomes 
iucudofned,  or  adapted  to  the  stimulus.     Such  phenomena  may  easily 
b€  observed    in   very  different    objects    and    with    very   differ- 
ent varieties    of   stimuli.     Thus,    sis    Engelmann    (70,   1)    and 
others^    have    shown,   it    is    possible    to    accustom    many   uni- 
cdlular    organisms   to    relatively    strong    salt     solutions    which 
at  first   call    out    distinct   phenomena   of   stimulation.       If  an 
Adinasphwi'ium     that    has    extended    its    pseudojxKlia    in    the 
cnstomaiy,  ray-like  manner  be  placed  in  a  weak  solution  of  sodium 
bicarfaonate,  it  gradually  draws  in  its  pseudopodia  from  all  sides 
and  becomes  spherical.      But  soon  minute  projections  reai)pi?ar 
upon  the    surface,  extend   and    lengthen,    until    the    organism 
MS  assumed  its  original  form  and  become  cuni])letely  normal.     By 
successively  increasing  the  concentration,  the  same  result  can  be 
produced  many  times  in  succession.      Such  adaptations  may  be 
brought  about  to  weak  solutions  of  j)oisons,  high  temperatures, 
strong  light,  eta     If  the  stimuli  are  strong,  no  adaptation  takes 

1  Cf.  Verworn  ('80,  1 ). 
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place,  but  the  phenomena  of  fatigue  and  exhaustion  flevelnp  (thcM 
will  bo  diacussed  elsewhere) ;  irritability  gradually  decreases,  ai 
death  finally  results.     In  contrast  to  these  phenomena  both 
adaptation  and  fatigue,  in  a  few  cases  with  prolonged  stimulatic 
the  reactions  continue  with  equal  intensity.     An  example  of  sut 
cases  ia  afforded  by  the  muscles  of  the  mammalian  body,  which  e^ 
ist  in  a  certain  state  of  excitation,  or,  to  use  the  common  term,  pu 
seas  a  "  tone."     Such  are  especially  the  muscles  that  close  tl 
urinary  bladder  and  the  anus,     These  muscles  are  in  a  consta^ 
state  of  contraction,  which  is  caused  by  stimuli  that  come  ftr:s 
the  cells  of  the  nervous  system  and  act  uninterruptedly  upon  i-"] 
former.     The  skeletal  muscles  also  possess  a  constant,  feeble  Utmi 
which  is  maintained   by  feeble  stimuli  coming  mostly  from  tfc 
periphery  and  transmitted  to  them  through  the  nervous  system. 

With  brief  stimulation  the  reactions  give  place,  usually  soon 
after  its  cessation,  to  tho  norijiaj  condition  -if  the  organism,  but 


there  are  cases  in  which  the  extinction  does  not  begin  immediatelj 
but  a  long,  tinder  some  circumstances  a  very  long,  afier-effect  exisb 
Thus,  a  single  brief  stimulus  can  put  into  long-continued,  tonic  ei 
citation  certain  ganglion-cells  and  the  muscles  innervated  by  then 
If,  e.g.,  we  seize  a  guinea-pig  with  the  hands  firmly  but  withot 
great  pressure,  and  turn  him  suddenly  upon  hh  back,  he  makes 
few,  brief,  defensive  movements  and  then  lies  motionless.  It  ca 
be  seen  that  the  muscles  of  the  extremities,  which  just  before  b$ 
made  the  defensive  movements,  are  strongly  contracted,  so  that  l| 
limbs  stand  out  stiffly  (Fig.  151).  When  the  animal  isundisturb^ 
this  condition  of  tonic  excitation  may  continue  for  a  half-hour. 

The  phenomena  of  prolonged  reflex  tone  after  brief  stimulatft 
may  be  seen  still  more  clearly  in  frogs  that  have  been  deprii 
of  their  cerebrum.     If  such  a  irog  sitting  quietly  in  the  custom 
squatting  attitude  (Fig.  152,  A)ho  gently  stroked  by  two  fin^ 
along  the  sides  of  the  sjiinul  column,  he  raises  himself  upon 


eitremities  by  conti^acting  their  muscles,  and  stands,  sometimes 
amre  tiian  an  hour,  in  this  groteaque  position  (Fig.  152.  B).  By 
the  projier  operations  it  can  be  determined  that  by  the  mechanical 
(tiniiilstion  of  the  skin  the  ganglion-cells  at  the  base  of  the  mid- 
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.ituo  are  nut  into  a  tonic  state  of  excitation,  which  is  commutiicaled 
Id  >ll  the  Dody-uiuscles  that  are  innervated  from  that  point.* 

He  after-effects   of    many   chemical    stimuli,   especially    the 

luterial  poisons,  are  the  most  interesting  and  of  most  practical 

'""^wce.     It  is  an  old  experience  that  after  recovery  from  curtain 

>us  diseases,  such  as  small-pos,  scarlet  fever,  and   measles, 

Ixidies  of  men  and  animals  are  immune  to  further  infection 

tbe  same  source.     It  is  well  known  that  the  modem  thera- 

>  C/.  Verwom  CSB,  5]. 
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peutics  and  prophyla^cis  of  the  infectious  diseases  are  based  upon  thia 
fact,  especially  the  inoculation-  and  injection-methods  of  JeniifiE; 
Koch,  rasteur,  Behring,  Boux  and  others.  We  know  how  to 
produce  immunity  at  will  by  the  artificial  introductioii  of 
weakened  inoculation-substance,  of  metabolic  products  of  the  excit- 
ant of  the  disease  in  question,  or  of  blood-serum  from  animals  that 
have  been  exposed  to  the  infection.  In  all  these  purely  empirical 
methods  of  treatment  we  are  totally  ignorant  of  what  goes  om 
in  the  body;  we  can  only  say  that  the  poisoning  bv  the 
bacterial  poisons  produces  in  the  cells  an  after-effect,  which  can 
continue  m  many  cases,  such  as  diphtheria,  only  a  relatively  short 
time,  but  in  others,  such  as  small-pox,  for  many  years.  A  phe- 
nomenon is  here  presented,  the  explanation  of  which  is  as  ^t 
scarcely  hinted  at.  But  it  is  to  be  expected  that  cell-physiological 
researches,  which  replace  with  the  simplest  relations  the  complex 
and  abstruse  conditions  presented  by  human  and  animal  booieap 
will  be  of  the  greatest  service  in  assisting  toward  an  underetanding. 
In  fact,  investigations  upon  unicellular  organisms  with  yariooa 
chemical  substances  have  shown  that  analogous  phenomena  are  to 
be  met  with  in  these  forms.  Thus,  bv  accustoming  Ii^utaria 
to  weak  solutions  of  corrosive  sublimate,  Davenport  ('96)  hais  made 
them  immune  toward  solutions  of  such  strenfi^  as  were  at  once 
fatal  to  non-immunised  individuals.  Cell-physiological  xeaeaxch 
opens  here  an  uncommonly  wide  and  fruitful  field.  The  systeim- 
atic  investigation  of  reactions  in  the  single  cell  is  of  fundamental 
importance  not  only  theoretically,  but  also  for  practical  medicine.^ 


3.  The  Conduction  of  the  Stimultts 

Inseparably  connected  with  irritability  is  another  property  of 
living  siibst4ince,  viz.,  the  power  of  amd action  of  the  stimulus.  If  a 
nijuss  of  living  substance  be  stimulated  locally,  as  can  be  done 
verv  simply  by  touching  it  or  pricking  it  with  a  fine  needle,  the 
roai'tion  is  not  limited  to  the  point  stimulated,  but  spreads  from 
tliat  place  more  or  less  over  the  neighbouring  parts. 

The  ea|Micity  of  conducting  the  stimulus  belongs  to  all 
livui>,^  subsUince,  but  in  very  different  degrees.  While  one  kind 
vonihu^ts  rapidly  and  far,  another  conducts  slowly  and  only  to 
\\\v  nearest  surroundings. 

riheauieity  of  conduction  is  most  pronounced  in  those  forms 
\\\M  jua^  ilevelliiKMi  exclusively  for  that  purpose,  viz.,  the  animal 
uvixe  tUM-^^H  Nerves  conduct  with  enormous  rapidity  and  to 
\liNi.uu*\'N  uu^tsnnHl  by  meters.  Helmholtz  has  computed  that  in 
I  hx^ "»  >»^*»^«'  ^bt»  stimulus  is  transmitted  at  a  rate  of  26  ni.  per 
•.X  vA'Mvl      \\\  \\\\\\\  \\\\>  rate  is  still  greater,  approximately  34  m.  in 

»  Cf.  Verworn  (*96,  2). 
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a  second ;  in  the  lobster,  as  Leon  Fredericq  and  Van  de  Velde 
have  shown,  it  is  less  and  amounts  to  about  6  in.  in  a  second. 
Various  methods  have  been  devised  for  determining  the  rate 
of  transmission  in  the  nerve,  an  undertaking  that  with  the  great 
rapidity  of  the  process  is  not  easy.  The  principle  of  all  these 
methods  depends  upon  the  determination  of  the  difference  in  time 
between  the  appearance  of  a  muscle-contraction,  when  the  nerve 
belonging  to  it  is  stimulated  very  near  the  muscle,  and  its 
appearance  upon  stimulation  of  the  nerve  at  a  more  remote  place 
(Fig.  153).  For  this  purpose  the  spring-myograph  of  du  Bois- 
Reymond  can  be  employed,  an  apparatus  that  senses  for  the 
graphic  representation  of  a  muscular  movement  (Fig.  154).  The 
apparatus  consists  of  a  muscle-holder  in  which  the  gastrocnemius 
muscle  of  a  frog,  the  nerve  of  which 
is  freed,  is  fastened  by  the  femur ; 
the  muscle  is  connected  with  a  lever, 
which  accompanies  every  contraction 
and  by  means  of  a  fine  point  records 
it  upon  a  smoked  glass  plate  which 
is  shoved  rapidly  by.  The  glass 
plate  moves  in  a  sledge-like  frame 
in  a  vertical  plane  in  front  of  the 
writing-lever,  and  is  put  in  motion 
by  a  spring.  Simultaneously  with 
the  release  of  the  spring  an  electrical 
stimulus  is  let  loose  upon  the  nerve  ; 
moreover,  a  tuning  fork  is  made  to 
vibrate,  and  traces  its  vibrations, 
likewise  by  means  of  a  writing-point, 
upon  the  blackened  glass  plate.  If 
the  nerve  be  stimulated  once  at  a 
distance  of  about  3  cm.  from  the 
muscle,  and  once  immediately  at  the 
muscle,  the  first  contraction  follows 
a  short  time^  later  than  the  second, 

because  the  first  stimulus  has  a  longer  stretch  than  the  second 
to  pass  over  before  it  can  act  upon  the  muscle.  This  diflference 
in  time  that  in  both  cases  elapses  between  the  moment  of 
stimulation  and  the  appearance  of  the  contraction,  can  be 
measured  with  extreme  exactness  upon  the  blackened  plate,  upon 
which  the  contraction  is  traced  in  the  form  of  a  curve,  by  the 
number  of  vibrations  of  the  tuning  fork  that  are  traced  simul- 
taneously (Fig.  155).  Since  the  number  of  vibrations  of  the 
tuning  fork  in  one  second  is  known,  the  duration  of  a  single 
vibration  can  easily  be  computed,  and  from  the  number  of 
vibrations  that  lie  between  the  beginning  of  the  second  contraction 
and  that  of  the  first,  the  time  can  be  calculated  that  elapse^ 


Fio.  163. — Gastrocnemius  muscle  of  a  frog 
with  the  sciatic  nerve.  The  femur 
to  which  the  muscle  is  attached,  is 
clamped  in  a  muscle-holder,  and  the 
nerve  is  stimulated  first  at  i,  then 

civ  «»• 
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while  the  stitnuhts  was  passing  over  a  piece  of  nerve  3  cm.   m 
length.      It  ia  thus   found  that   the  rate   of  conduction  of  the 


stimulus  in  a  frog's  nerve  under  normal  conditions  amounts   to 
approximately  26  ni.  in  the  second. 

Other  forms  of  living  aub-stance  conduct  the  reaction  considerably 
more  slowly  and  some  to  a  verj'  short  distance  only,  the  efifect 
being  gradually  extinguished  with  the  distance.  In  very  slowly 
cunducting  objects  the  rate  of  conduction  can  be  followed  with  the 


of  •CtinulitUDu;  J.  bo^Dniii);  ol  thii  niDtnctlD: 
plus  (FlB.  133) ;  t,  Iwginnlua  of  Uu  coutn 
muv^lc.    BeU^W,  the  purvc  nf  tbo  luntng  fork. 


eye.       Thus,    in    Diffiugia   the  rate    of  conduction  of   the    ex- 
citation can  be  very  easily  recognised  under  the  microscope  in  the 
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loDg  fioger-ghaped  p&eudopodia  by  the  fact  that  drop-like  projec- 
tions form  on  tne  surface  of  the  pseudopodial  plasma,  beginning  at 
the  place  of  stimulation.    If  such  a  pseudopodium  be  stimulated  only 
slightly  at  the  tip  by  contact  with  a  needle,  the  reaction  extends  a 
short  distance  only,  the  surface  of  the  pseudopudium  becoming 
slightly  undulating  (Fig.  156,  a).     But  if  it  be  stimulated  more 
strongly,  the   reaction    is 
stronger  and   is  transmit- 
ted   considerably    farther 
(Fig.   156,   b).       The    re- 
action diminishes  in  extent 
as  the  distance   from  the 
place  of  stimulation    in- 
creases, and   finally  it   is 
extinguished.'   Verj' slight 
conduction    is    found     in 
maDV  rhizopods  that  have 
thrwl-like     psendopodia, 
t.g..  OrbMitrs  (Cf.  Fig.  98, 
p.  238).    Here  even  with 
the  strongest  stimulation, 
such  as  cutting  across   a 
peeudopodium,  the  excita- 
tion is  limited  to  the  im- 
mediate   vicinity    of   the 
place  stimulated,  the  pro- 
toplasm there  being  drawn 
together  into  one  or  more 
amll     globules.       These 
riobules  glide  centripetally 
nr  a  veiv  considerable  dis- 
tuee  Jong   the   pseudo- 
1  ihrtsid,  which  thus 
I  to   shorten,  while 
8  gradually  dis- 
I  allow  their  sub- 
b)  Sow   into   the 
:  body  (Fig.  157>. 
t  novement  is  not  to  be  regunl'-d  an  h  conductiori    of  the 
aaHon.*  but  only  as  the  ex[jt\-S!?ion  of  thi-  trmisport  of  sub- 
ice  by  the  stimulated  pnjto])lasmic  inawi  to  the  ':i-ll-bo<ly  ;  for 
the  protoplasm  in  the  vicinity  of  th«  globules  exhibits  nu  )>h'-ni>- 
ueiia  of  excitation,  but  streauis  on  quietly  in  a  centrifiifriil  dir-i-irtioii. 
'  ty.  Verwom  ('89,  1). 

■  In  tlu  fint  edition  of  tbin  bwik  thU  wa*  wi  reifai-lcsl;   I'Ul  ]>it<:i  -tu'Eic-  uji.ti 
tl>e  AJuMfttdB  of  the  Red  Sea  have  oonvii 
•"d  tnuport  of  substance  are  Uj  I*  Mrpari 
plamic mane*.     Cf.  Verwoni  ('96,  3<. 


Fi';.r-;.— n-?l'i'5"»  «rc.Vn(o.  Thr«;flii«er-.li»i>«il,hy»llnB 
pwidu|.i11ii  an.-  |«i.]H.-tud  urn  '4  tliG  iini«)i:iu»I  hIisII 
lOldu  tA  Mirj'l-gThthii,      At  u  fwlfly  >Ejrjuil;ilwl  locally. 
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But  between  the  veiy  slight  power  and  rate  of  conductioii 
possessed  by  Orbitolites,  and  the  very  great  power  and  rate 
possessed  by  the  nerve,  there  are  found  in  the  various  livine  forms 
the  greatest  variety  of  transitions.    The  cross-striated  muscTe^fibre 


Fi(j.  IfiT.— pHoudopodiuni  of  OAiitoliti».  a.  At  *  cut  jictohh  ;  h,  effect  of  Htimulation  (formatiou 
of  ])r(>to]>ln.sTnic  globules)  limited  tu  the  innuodiutc  vicinity  of  the  place  stimulated;  c^, 
tr.inH]>ort  of  HiibHtiince.  The  Htimiilatcd  maHHes  are  tmuHportcd  along  the  pseudopodium  to 
thu  central  cell-body,  and  their  subetunce  iKJComes  gradually  Hprcad  out  («-,/);  the  tmstlmu- 
latud  prutopluMm  exhibits  no  phenomena  of  excitation  but  continues  to  flow  centrifugmlly, 
and  the  i>scudoix>dium  80on  leugtheuH  agiiin  {(,/)• 

(M)ii(lucts  considerably  more  slowly  than  the  nerve,  the  smooth 
mus(!l(»-fibre  still  more  slowly  than  the  cross-striated,  and  so  on. 
Tliiis,  acconling  to  the  rate  of  conduction,  living  substances  can  be 
arran^^'d  in  a  long  series  showing  most  delicate  transitions. 


II.  The  Phenomen.4  of  Cell-Stimulation 

AftiT  this  general  discussion  of  the  individual  elements  of  the 
process  of  stimulation  we  can  pass  to  the  consideration  of  the 
phenomena  of  stimulation  themselves. 

Sinci'  the  single  cell  does  not  allow  the  various  vital  phenomena 
to  hv  recognised  with  equal  readiness,  but  according  to  its  specific 
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work  permits  one  phase  to  come  more  to  the  front,  whether  it  be 
metabolism,  or  change  of  form,  or  transformation  of  energy,  it  is 
advantageous  to  select  for  the  study  of  any  vital  phenomenon  a 
specific  form  of  cell  in  which  the  vital  phenomenon  in  question  is 
expressed  especially  clearly.  By  this  method  the  phenomena  of 
changes  of  substance,  of  form  and  of  energy  may  Ibe  considered 
separately  in  different  objects.  But  this  ought  never  to  lead  us 
into  considering  these  different  groups  of  phenomena  as  mutually 
independent.  They  are  merely  different  phases  of  one  and  the 
same  process. 


A.   THE  ACTIONS  OF  THE  VARIOUS  STIMULI 

1.  The  Actions  of  Oiemical  Stimuli 

The  number  of  chemical  bodies  that  when  brought  into  contact 
with  living  substance  enter  into  chemical  relation  with  its  con- 
stituents is  enormous,  but  thus  far  only  a  few  of  them  have  been 
investigated  as  regards  their  stimulating  effects.  A  comprehensive, 
comparative,  cell-physiological  investigation  of  chemical  stimuli 
and  their  actions,  undertaken  from  a  systematic  point  of  view, 
would  require  a  very  long  time,  but  would  surely  yield  very 
valuable  results.  For  the  present,  our  knowledge  of  these  stimuli 
and  their  effects  is  so  full  of  gaps  that  a  systematic  summary  of  it 
is  not  po&sible.  We  must,  therefore,  limit  ourselves  to  the  con- 
sideration of  a  few  t)rpical  phenomena. 


a.  The  Phenomena  of  Excitation 

In  general,  increase  in  the  quantity  of  ingested  food-stuffs  acts 
as  a  chemical  stimulus  to  augment  metabolism.  The  best  example 
is  afforded  by  the  cells  of  the  various  tissues  of  the  human  body, 
the  most  essential  food-stuff  of  which  is  proteid.  As  Voit  ('81) 
has  shown,  a  strong  man,  working  hard,  needs  118  grs.  of  proteid 
in  order  to  maintain  his  nitrogenous  equilibrium  intact,  i.e.,  in 
order  to  replace  the  quantity  of  nitrogen  derived  from  the 
destruction  of  the  living  substance  of  his  cells  and  excreted  in  the 
urine.  If  this  quantity  of  ingested  proteid,  which  is  a  necessary 
vital  condition,  be  increased,  as  is  the  case  with  most  men  living 
under  good  conditions,  the  greater  quantity  is  not  employed  for 
the  construction  of  new  cells,  for  the  increase  of  living  substance, 
but  is  taken  up  by  the  tissue-cells  from  the  blood,  passed  over 
into  living  proteid  and  split  up,  to  leave  the  body  again  almost 
completely  in  the  urine  as  the  products  of  retrogressive  proteid- 
metamorphosis  (urea,  uric  acid,  creatinin,  etc.).  The  increase  of 
the  proteid-income  beyond  a  certain  measure  (118  grs.) accomplishes, 
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therefore,  a  corresponding  increase  of  both  the  awrimilatary  mad 
the  dissimilatoiy  phases  of  the  metabolism  of  the  tissae-oella. 

A  similar  condition  exists  amone  plants.  The  carbonio  aoid  of 
the  air  serves  the  plant  as  food  and  is  split  up  in  the  chlorophyll- 
bodies  of  the  living  cells.  The  carbon  set  free  is  then  employed, 
together  with  the  water  received  through  the  roots,  for  tiie 
synthesis  of  starch,  or  assimilation.  If  more  carbonic  add  be 
brought  to  the  plant  than  is  contained  in  the  air  as  its  necowMy 
vital  condition,  the  splitting-up  of  carbonic  acid  and  the  aarimi]*- 
tion  of  starch  are  increased  m  equal  measure  up  to  a  oertain 
degree.  The  increase  of  the  quantity  of  food,  therefore,  conditioiifl 
also  an  increase  of  metabolism. 

But  this  does  not  always  hold  good.  Becarding  oxygen,  we 
know,  at  least,  that  its  increase  in  (quantity  beyona  the  amount 
necessary  for  life  is  essentially  without  influence  upon  the 
metabolism  of  the  tissue-cells.  The  tissue-cells  of  the  human 
body  are  within  wide  limits  independent  of  the  percentage  and 
the  partial  pressure  of  oxygen  in  the  air,  and  experience  no 
augmentation  of  metabolism  with  increase  of  the  inomie  of 
oxygen.  Whether  the  same  is  true  of  free-living  celk  and  the 
cells  of  lower  animals  still  needs  investigation. 

In  many  cases  the  increased  income  of  food  that  is 
an  increase  of  metabolism  causes  also  a  clearly  reco^gpusable  ii 
in  cJuinffe  of  farm.  While  in  the  tissue-cells  of  the  human  body» 
as  has  been  seen,  the  food  that  is  introduced  beyond  the  necesaazy 
quantity  is  under  normal  conditions  destroyed  excepting  an  ex- 
tremely small  fraction,  and  is  not  employed  for  the  increase  of 
living  substance,  in  many  unicellular  organisms,  especially  in 
Bacteria  and  Inficsoria,  an  increase  of  the  assimilatorj''  processes, 
and  in  unequal  mejisure  of  the  dissiniilatory  processes  also,  takes 
place  with  increase  of  food.  The  result  of  this  is  an  increase  of 
living  substance,  a  "  fattening,"  which  is  expressed  in  rapid  growth 
and  continued  cell-division.  If,  e.g.^  putrefactive  bacteria  {Bac^ 
tcriani  tnmo,  Spirillum  undula,  etc.)  be  transferred  from  a  liquid 
in  which  they  are  living  in  small  numbers,  into  a  good  nutrient 
solution,  such  as  an  infusion  of  hay,  they  at  once  begin  to  increase 
enormously,  until  from  the  few  bacteria  with  which  the  nutrient 
solution  was  infected  many  millions  may  have  developed.  If  there 
be  placed  in  such  a  hay-infusion  swarming  with  putrefactive 
bacteria  a  Peru mctjcium ,  which  nourishes  itself  upon  such  bacteria, 
in  a  few  davs  it  mav  be  seen  that  from  this  one  infusorian 
thousiinds  have  been  produced,  so  that  they  give  to  the  liquid  a 
milky  cloudiness.  Thus  the  assimilatory  phase  of  the  metabolism 
of  these  micro-organisms  becomes  enonnously  increased  by 
superfluity  of  focxl. 

Under  pathological   conditions   also   similar   phenomena   occur 
in   the    tissue-cells  of  the  human  body,  and    modem   pathology 
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recognises  a  whole  series  of  analogous  cases  in  the  various  kinds  of 
patbogenic  neoplasms  or  tumours,  to  which  belong  also  malignant 
cancers.    These   tumours  (carcinoma,  sarcoma,  myoma,   fibroma, 
eta)  arise  by  the  rapid  division  of  the  cells  of  a  normal  tissue, 
e.g.,  the  epidermis.     There  thus  results   in  the   particular  place 
an  enormous  increase  of  cells,  a  growth,  which  leads  frequently 
to  a  very  extensive  tumour  and   completely  chokes  the  neigh- 
iNHiriDg  tissues  in  which  it  grows,  so  that  they  become  incapable 
of  life  and  perish.     Without   doubt,   in   many  cases  this  rapid 
cell-increase  is  due  to  chemical  causes  acting  upon  the  cells  in 
({uestioa     Although   thus  far  it   is   an   open  question  whether 
or    not  tumours,  especially  carcinoma,  are   a   result  of  infection 
by  certain  micro-organisms,  the  majority  of  j)athologists  incline  to 
the  view  that  they  are  to  be  traced  to  a  change  in  the  nutrition 
of  the  cells. 

Mnch  more  evident  than  the  effects  of  chemical  stimuli  u[K)n 
naetabolism  and  form-changes  are  the  effects  upon  the  transformation 
o^  energy,  especially  upon 
QcioTement.  Regaraing 
theeffects  upon  the  amoe- 
l>oid  movements  of  naked 
pinotoplasmic  masses,  such 
as  Bhizopoda,  Anueba, 
Aifyxomycetts,  Polythala- 
vmid^and  the  protoplasmic 
bodies  of  plant-cells,  the 
classic  investigations  of 
Max  Schultze  ('63)  and 
Kiihne  ('64).  over  thirty 
years  ago,  have  afforded 
information.  The  most 
wide-spread  effect  here  is 

the  calling-out  of  a  contraction,  ?>.,  the  retraction  of  pseudopodia, 

frequently  after  a  preliminary  acceleration  of  the  pr(^toj)lasmic 

streaming  at  the  beginning  of  the  action.     The  greatest  variety  of 

chemical  substances  can  produce  this  reaction.    If,  e.g.^  to  a  drop  of 

water  in  which  many  amoebae  exist  there  be  added  a  1 — 2  percent. 

solution  of  common  salt,  or  a  solution  of  0"l  j)er  cent,  hydrochloric 

acid,  or  of  1  per  cent,  potassium  hydrate,  or  other  acids,  alkalies 

and  salts  in  weak  solution,  the  amoebae  imni(?diately  draw  in  their 

pseudopodia  and   assume  a  spherical  fonii  (Fig.  158).     Carbonic 

acid  exerts  the  same  effect,  if  the  amoebae  be  exposed   in  a  gas 

cbember^  for  some  time  to  the  action  of  the  gas.      Other  naked 

protoplasmic    mas.ses    behave    similarly    toward    th(\se    chcniieal 

stinaulL     The  delicate  Actvumpharium  Eichhnritii  which  with  its 

straight,  ray-like  pseudopodia  a])peai*s  like  a  niinut».^   sun.  when 

J  cy.  p.  283. 


Fio.  \:yv>.—Aiuofm.  A,  With  |wc*udopodla  extending  in 
difTcrc'iit  directionH.  H,  Creeping,  with  a  long  pHCiidr»- 
|Kxliuni  in  one  direction  (fomi  of  Ainofta  Hums).  (\ 
Contnicted  to  u  ball  iiimn  chemical  ntiuiulation. 


■-  tiiin;,'     ■VQiTJUTKr^i      into 

i-;i  tI-  »-'._v:!..w..Y-ni;ripetaily 

;.;    ■■.[■■■r.    ■'i;:iir_v    mutinfi. 
■!  ■  rui.'.y  hav-r  ■Tirriteti  out 

■rirr-.r.Ip:  mr-id  ic<l  virions 

■■  -r.-i.-r  ill  ad  au^iiiTtiKiriini 

r:ir>-  "f  ihvir  be^r  f>?inij 

■<  [i-i'l-rablt;  aii^ir-a&Ldoa 
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by  means  of  the  attached  leg- bones,  and  a  thread,  passing  over  a 
wheel  and  attached  to  a  small  weight,  be  drawn  through  the  pelvic 
bone,  to  which  the  muscle  is  also  attached,  every  movement  of  the 
muscle  can  be  observed  in  a  signalling-lever,  which  is  fastened  to 
the  wheel  (Fig.  161).   If,  now,  a  dish  containing  ammonium  carbon- 
ate be  brought  under  the  muscle,  the  latter  is  chemically  stimulated 
by  the  vapours  of  the  ammonia,  and  performs  contractions,  which  can 
be  shown  clearly  by  the  lever  and  can  be  traced  upon  a  smoked 
drum.    Biedermann  ('80)  observed  a  very  remarkable  phenomenon 
in  th(j  sartorius  muscle  when  he  let  it  hang  in  a  temperature 
of  3° — 10°  C.  in  a  solution  of  5  grs.  common  salt,  2  grs. 
alkaline  sodium  phosphate,  and 
0*5  grs.  sodium  carbonate  in 
one  litre  of  water  (Fig.  162). 
The  nmscle  then  showed  rhyth- 
mic contractions, a  phenomenon 
that  otherwise  is  never  observed 
in  this  muscle  during  life,  and 
suggests  constantly  the  rhyth- 
mic motion  of  cardiac  muscle- 
fibres. 

The  chemical  effects  of 
stimulation  in  contractile  sub- 
stances, thus  far  spoken  of, 
consist  of  contractions.  But 
certain  chemical  stimuli  pro- 
duce expansion.  Such,  e.g.y  are 
food-stutfs,  and  especially  oxy- 
gen. These  phenomena  have 
been  discussed  elsewhere.^ 
They  consist  chiefly  in  the 
fact  that  in  an  atmosphere 
free  of  oxygen  Amoeba  and 
marine  Ehizopoda  cease  the 
formation  of  pseudopodia  and 
undergo  a  diminution  of  ex- 
pansory  processes,  developing 

the  latter  again  when  new  oxygen  is  introduced.  Kiihne 
(/.  c.)  has  observed  this  same  in  Myxoinycctes,  in  the  reticulate 
Plasmodia  of  Didymium,  which  lives  upon  decaying  leaves. 
When  he  introduced  a  dried,  and,  therefore,  completely  motion- 
less, piece  of  the  plasmodium  into  a  vessel  filled  with  water 
boiled  and  hence  free  of  oxygen,  which  was  shut  off  by  mercury 
from  the  air,  it  remained  in  complete  rest.  But  as  soon  as  a  few 
bubbles  of  oxygen  were  added  to  the  Didymium,  the  latter  began  I 
to  extend  pseudonodia  and  to  spread  itself  out  in  an  arborescent  I 


Fia.  160. — Vortictlla.  a,  Extended  ;  &,  contracted 
after  chemical  stimulation  (the  stalk-muaclo 
iB  not  seen);  c,  a  piece  of  the  stalk-sheath 
containing  the  muscle-fibre,  strongly  mag- 
nified. 


spread 
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maimer  on  the  inner  surfisu^  of  the  vessel.  From  these 
experiments  it  is  vexy  clear  that  oxy^n  acts  as  a  stimulus,  giving 
rise  to  the  expansoiy  phase  of  protojjuasmic  movement. 

The  production  of  other  forms  of  energy  besides  that  of  movement 
is  also  excited  by  chemical  stimuli  Since  it  would,  however,  lead  too 
far  to  consider  all  the  excitation-effects  of  such  stimuli,  only  the 
facts  connected  with  the  production  of  light  will  be  presented. 


Fia.  161.— OhomicAl  stimulation  of  the  tartoriua  muscle  of  the  bog. 

For  the  investigation  of  this  the  unicellular  organisms  are  beet 
fitted,  for  in  them  all  conditions  are  simplest  and  most  easily 
observed.  It  is  known  of  many  unicellular  organisms,  Baeiena, 
Badiolai*ia,  etc.,  that  they  develop  light  as  the  result  of  chemioal, 
as  of  various  other  stimuli,  but  light-production  has  been 
investigated  most  frequently  and  in  most  detail  in  the  NoctUncm^ 

the  peculiar  Flagellata  which  usually 
})roduce  the  light  on  the  surfSsu^  oi 
the  water  in  our  northern  seas  (Pig. 
163).  Recently  Massart  ('93)  has 
studied  again  in  detail  the  action 
of  chemical  stimuli  upon  them.  In  a 
vessel  containing  sea-water,  in  which 
the  Noctiluccc  rested  quietly  upon  the 
surface  without  emitting  light,  he 
placed  carefully  with  a  pipette  various 
substances,  such  as  distilled  water,  a 
concentrated  solution  of  common  salt, 
a  solution  of  sugar,  etc.,  and  in  each 
case  let  the  drop  spread  slowly  over  the 
surface  of  the  sea-water.  The  result  was  that  as  soon  as  the  liquids 
introduced  came  into  contact  with  the  Noctiluccc,  the  latter  became 
brilliantly  lighted,  and  the  pleasing  spectacle  was  presented  of  a 
slowly  widening,  glowing  circle,  spreading  over  the  surface  of  the 
water.  A  similar  phenomenon  can  be  observed  very  well  in 
Radiolaruiy  especially  in  the  large  Thalamcolla,  which  emits  light 
actively  upon  a  change  in  the  concentration  of  the  sea- water  in 


^- ,  .> 


Fio.  Hl'2.— Prtxluctiouof  rhythmic  con - 
tnujtious  in  the  sartoriua  miiscle 
by  cbumicul  stimulation. 


which  it  exists,  or  upon  boing  tranaforred  to  fresh  water.  The 
various  hiniinoua  Bacteria,  whicli  prodtice,  e.g.,  the  liirainosity  of 
dead  sea-fiah,  behave  similarly. 

Finally,  the  living  substance  of  nerves  and  ganglion-cells  can  be 
excited  by  chemical  stimuli.  The  excitation  in  the  nerve-sub- 
stance itself  is  not  visible 
without  special  methods : 
but  a  clear  expression  of  it 
in  motor  nerves  is  exhibited 
in  the  contraction  of  muscles 
supplied  by  them.  If,  c..'/-, 
the  sciatic  nerve  of  a  frog 
be  stimulated  by  its  centra! 
end  being  dipped  into  gly- 
cerine, a  concentrated  solu- 
tion of  common  salt,  or  a 
solution  of  a  mineral  acid, 
an  alkali,  a  metallic  salt  or 
sugar,  contractions  of  thi- 
leg-muscles  of  the  frog  take 
place,  and  prove  that  the 
nerve  is  excited.  Excitji- 
tion  by  chemical  stimuli  can 
be  observed  in  the  excised 
nerve  also  by  means  of  the 

falvanometer   through   the 
evelopment  of  electricity,  whii'h  influences  the  current  derived 
from  tne  resting  nerve. 

b.  Thr  Phenomena,  of  Depreagioii 

In  contrast  to  the  exciting  effects  of  the  chemical  stimuli  just 
mentioned  are  the  effects  of  certain  chemical  substances,  which 
depress  or  wholly  suppress  vital  phenomena.     These  substances   , 
are,  hence,  termed  narcotics  or  anostketks.   Among  them  belong  es-   ' 
pccially   those  that  depress  all    forms   of  living  substance   and   ' 
sJl    vital    phenomena;    alcohol,    ether,    chlorofonn,  and    chloral 
hydrate.      With    these    belong    the    great   group   of    alkaloids, 
comprising   morphine,  quinine,   veratnne,  digitaline,  strychnine, 
curare,  etc.,  some  of  which  act  upon  a  great  variety  of  living  cells, 
while   others  affect   specific   cells  only,  especially  those  of    the  ■ 
central  nervous  system. 

The   depressing   effects   of   narcotics   upon   the  phenomena  c 
metabolism  have  been  studied  especially  by  Claude  Bernard  ('78)3 
This  well-known  Parisian  physiologist  showed  that  metabolism  i 
suppressed  by  chloroform-narcosis  m  very  different  forms  of  eel 
If  yeast-cells,  which,   as   is  well  known,  in  the  coarse  "if  thei 

n  It  2 


metabolism  split  up  grape-sugar  into  carbonic  acid  aud  alcohol,  be 
placed  in  two  fermentation -tubes  (Fig.  1(54),  one  of  which  contains 
a  pure  solution  of  grape-sugar,  the  other  some  chloroform -water 
mixed  with  a  similar  solution  of  grape-sugar,  there  appears  at 
once,  under  otherwise  completely  identical  conditiona,  in  the  first 
tube  a  fermentation,  aa  is  evident  from  the  carbonic  acid  rising 
and  accumulating  above  (Fig.  164,  A),  but  in  the  second  tube  an 
entire  absence  of  fermentation  (Fig.  161,  B).  If  the  contents  of 
the  second  tube  be  left  open  to  the  air  for  a  time,  so  that  the 
chloroform  evaporates,  fermentation  appears  there  la,ter.  The 
chloroform-water,  therefore,  only  inhibits  the  metabolism  of  the 
yeaat-cells  without  killing  them. 

In  plant-cells  also  the  depression  of  metabolism  is  very  easily 
brought  about,  especially  the  cessation  of  the  cleavage  of  carbonic 
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acid  in  chlorophyll.  Claude  Bernard  employed  for  this  a  filose, 
iujuatic  Alga,  Spirogt/ra,  the  cylindrical  cells  of  which  are  arranged 
lengthwise  one  after  another  in  fine  threads  and  possess  a  delicate, 
spirally  wound  band  of  chlorophyll  (Fig.  165),  Under  two 
bell-jars,  of  which  one  was  filled  with  water  containing  carbonic 
acid,  the  other  with  water  containing  carbonic  acid  and  chloroform, 
he  placed  a  ejuantity  of  Sjnrogyra  threads  and  exposed  the  jar  to 
the  sunlight.  After  some  time  the  cells  in  the  first  jar  hod  evolved 
a  considerable  quantity  of  oxygen,  while  in  the  second  the  evolu- 
tion of  oxygen  and,  therefore,  the  dissociation  of  carbonic  acid,  were 
wholly  absent. 
Corresponding  with  the  cessation  of  metabolism,  the  phenomena 
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ni  foiin-duMijes  are  also  depressed  in  narcosis.  Growth  and  cell- 
division  cease.  In  order  to  prove  the  inhibition  of  growth,  Claude 
Bernard  airanged  the  following  experiment  (Fig.  166).  Two 
empty,  cylindncal  flasks  were  provided,  above  and  below,  with 
i>penings  that  were  closed  by  rubber  stoppers,  each  pierced  by  a 
glass  tube.  In  each  of  these  flasks  there  was  placed,  half-way  up. 
a  moist  sponge,  and  upon  the  latter  sprouting  plant-seeds  were 
laid.  Through  the  lower  opening  one  flask  («')  communicated  by 
means  of  a  rubber  tube  (V)  with  a  glass  cylinder  ((),  which  con- 
tained at  its  bottom  a  layer  of  ether  (S) ;  through  the  stopper  of 
the  cylinder,  beside  the  tube  V,  au  open  glass  tube  {a)  projected 
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from  the  outside  down  to  one-half  the  depth  of  the  cyliader.  The 
lower  opening  of  the  other  flask  (e)  communicated  through  the 
glass  tune  («')  directly  with  the  outside  air.  To  the  glass  tubes 
that  led  outeide  through  the  stoppers  in  the  necks  of  the  flasks,  a 
forked  rubber  tube  (6)  was  fastened,  which  was  in  connection  with 
an  aspiration-apparatus  (P).  If  the  water  of  the  water-pipe  (R) 
was  let  through  the  aspirator,  it  sucked  the  air  through  the  two 
glass  flasks,  of  which  the  one  received  pure  air  directly  from 
the  outside  through  the  tube  (a'),  while  the  other  took  in 
through  the  glass  cylinder  (0  air  charged  with  ether-vapour. 
In  this  way  a  continuous  stream  of  pure  air  pa,ssed  through  the 
germinating  seeds  of  the  one  cylinder  and  a  stream  of  ethiT-vaiwur 
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through  the  setds  of  the  cithw.  After  some  days  under  tbi 
arrangement  the  seeds  that  were  in  pure  air  had  grown  oni 
into  long  seedlings  (e),  while  those  bathed  by  the  ether-vapoiq 
showed  no  growth  at  all,  without,  however,  having  lost  tl]| 
camcity  of  germinating  in  piire  air.  [ 

The  brothers  Hertwig  ('87)  have  investigated  the  deprcsai^j 
action  of  solutions  of  chloral  hydrate  upon  cell-division  in  eggs  J 
the  sea-urchin.  When  they  let  a  0-2 — 05  per  cent,  solution  of  dilo^ 
act  for  some  time  (5  minutes — 3  hours)  upon  eggs  that  wereabcaj 
to  develop,  cell-division  did  not  go  on.  Both  the  nucleus  and  ^ 
protoplasm  remained  in  the  stage  of  division  in  which  they  t ' 


were,  while  the  formation  of  mys  about  the  centrosomes  was  co-  . 
pletely  absent.  Only  after  the  eggs  had  been  washed  for  ; 
considerable  time  with  pure  sea-water  did  the  development 
division  of  the  cell  proceed  again. 

Finally,  the  phenomena  of  tran&forinaivm  of  energy  are  aT 
depressed  by  narcosis.  Both  the  spontaneous  pnxluction  of  eneEl 
and  the  capacity  of  reacting  to  stimuli  are  diminished,  and  fin^ 
wholly  cease.  Among  the  phenomena  of  motion  Claude  BemS 
has  shown  this  for  the  turgeacence-movements  of  Minwaa  pudi^ 
If  a  pot  containing  a  Mimom.  be  placed  under  a  bell-jar,  under  wh.  Hi 
is  a  sponge  soaked  with  ether  (Fig.  167),  the  spontaneous  mi> 
'  CJ.  p.  227. 
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ments  cease,  and,  moreover,  after  some  time  it  is  no  longer  possible 
to  call  forth  by  stimuli  the  well-known  movements,  which  consist 
of  a  falling  of  the  branches  and  a  folding  together  of  the  leaves. 
The  irritability  is  extinguished,  the  plant  is  in  narcosis.  "  What  a 
singular  thing,"  says  Claude  Bemaid,  "  plants  can  be  anaesthetised 
like  animals,  and  absolutely  the  same  phenomena  can  be  observed 
in  the  two." 

Like  the  turgescence-movements,the  growth-movements  of  plants 
also  cease  in  narcosis,  and  the  secretory  movements  of  the  Diatomece, 
OscillaruBy  and  Desmidiacece  ^  are  wanting. 

Contraction-movements  are  also  depressed  by  narcotics  ;  but, 
i\s  a  rule,  at  the  beginning  of  the  influence  a  short  stage  of  excitation 
is  noticed,  in  which  the  movements  are  accelerated.  The 
protoplasmic  movements  of  AiruBha  cease  after  the  cells  have  con- 
tracted into  a  ball.  As  Binz  ('67)  found,  quinine  especially  exerts 
a  powerful  paralysing  action  upon  the  amoeboid  movements  of 
leucocytes.  Engelmann  ('68)  carried  out  extensive  investiga- 
tions upon  the  depressing  action  of  narcotics  upon  ciliary  motion. 
When  he  let  the  vapour  of  ether  or  chloroform  act  upon  the  ciliated 
cells  of  the  pharyngeal  mucous  membrane  of  a  hog  in  a  gas-chamber, 
after  a  rapid  preliminary  stage  of  excitation,  in  which  the  motion 
was  accelerated,  a  standstill  of  the  cilia  took  place.  If  the  duration 
of  the  action  was  not  too  long,  the  motion  appeared  again  after  the 
introduction  of  fresh  air.  According  to  the  observations  of  the 
Hertwigs  ('87),  similar  behaviour  was  exhibited  by  the  flagella  of 
spermatozoa  that  had  been  brought  to  complete  standstill  by  ether- 
and  chloroform-vapours,  as  well  as  by  small  doses  of  quinine  and 
chloral  hydrate,  so  that  the  fertilisation  of  the  ovum  was  hindered 
by  the  absence  of  their  movements.  In  Inftisoria  also  by  the  intro- 
duction of  chloroform-water,  after  a  short  stage  of  excitation  in 
which  the  cells  whirl  madly  through  the  water,  ciliary  motion  is 
inhibited.  In  Stenfar,  in  addition  to  this  fact,  the  paralysis  of 
the  myoids  by  the  chloroform-water  can  be  observed  at  the  same 
time.  In  their  undisturbed  condition  the  Stentors  are  extended  in 
the  form  of  delicate  trumpets  with  their  aboral  pole  attached  at  the 
bottom  (Fig.  168,  A).  From  time  to  time,  partly  spontaneously 
and  partly  as  a  result  of  stimulation,  they  jerk  together  into 
stalked  balls  (Fig.  168,  C)  by  the  contraction  of  their  fine  myoid-fibres 
that  extend  from  the  upper  to  the  lower  end  of  the  cell-body  in  the 
exoplasm.  In  narcosis,  however,  after  a  sudden  twitch  at  the  begin- 
ning of  the  influence,  they  assume  a  stage  of  moderate  contraction 
(Fig.  168,  B)y  their  cilia  cease  to  beat,  and  their  bodies  do  not  shrink 
into  the  customary  ball  either  spontaneously  or  upon  stimulation, 
until  by  transference  into  fresh  water  the  narcosis  is  ended.  Like 
the  smooth  myoid-fibres,  the  irritability  of  cross-striated  skeletal 
muscles  also  is  completely  abolished  by  narcosis.       A  frog's  muscle 
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that  is  carefully  and  slowly  bathed  with  air  containiog  the  vapour 
of  ether  cannot  be  made  to  contract  by  any  kind  of  stimulus.  Never- 
theless, the  vital  processes  in  the  muscle  are  not  at  a  complete  etaod- 
Htiil,  as  is  evident  from  the  6ict  shown  by  Biedermann  ('85)  that  the 
narcotised  muscle  produces  electricity  when  stimulated,  just  like  the 
contracting  muscle  in  the  normal  state.  The  stimulated  part,  as  well 
as  the  artificial  cross-section,  appears  by  galvanometric  investigation 
electrically  negative  to  the  resting  part,  as  in  normal  conditions. 
In  narcosis,  therefore,  certain  metnbmic  processes  must  still  remain 


undisturbed ;  and  perhaps  this  is  true  not  only  of  muscle  but 
the  narcotic  conditions  of  all  living  substance. 

Recently,  Massart  ('93)  has  been  able  to  abolish  completely  -^-^ 
development  of  light  in  Nixtiluca;  by  alcohol,  by  laying  sev^.^ 
sheets  of  filter-jMiper  wet  with  alcohol  over  the  vessel  containxjs 
the  sea-water  in  which  the  organisms  were  swimming  quietly  u  j^mm 
tlie  surface  ;  the  vapours  of  the  alcohol  were  thus  forced  into  cc*. 
tiict  with  the  NoctUuccc.  After  a  short  time  the  latter  could  r^ 
hi;  induced  by  any  stinnihis  to  emit  light. 

Finally,  best  known  are  the  depressing  effects  of  narcotics  ap»^ 
the  activity  of  the  ganglion -eel  Is  of  the  central  nervous  syst^t 
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both  those  that  produce  motor  impulses,  and  those  that  arc 
the  seat  of  the  sensations,  of  consciousness.  In  their  anaesthe- 
tising action  upon  the  cells  of  the  central  nervous  system  lies  the 
extraordinary  practical  importance  of  the  narcotics.  Through  the 
abolition  of  sensations,  especially  of  pain,  they  confer  enormous 
benefits  upon  mankind.  But  their  misuse,  especially  that  of 
alcohol  and  morphine,  by  inflicting  irreparable  injuries  upon  the 
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Fm.  169.— Gaiiglion-cellsof  a  morphlniaed  dog,  stained  by  Gok^'s  method.    In  A  all,  and  in  B 
nio«t  of  the  protoplasmic  processes  have  assumed  a  moniliiorm  appearance.    (After  Demoor.) 


cells,  produces  most  destructive  effects  and  transforms  the  benefit 
into  a  serious  evil. 

Recently  a  number  of  investigators,  such  as  Meynert,  Lepine, 
Duval,  Solvay  and  others,  have  put  forward  the  view  that  gang- 
lion-cells possess  the  power  of  amoeboid  motion,  their  protoplasmic 
processes,  or  dendrites,  being  able  to  shorten  and  lengthen.  Hence 
it  is  highly  interesting  to  show,  as  Demoor  (*96)  has  very  recently 
succeeded  in  doing,  that  under  the  influence  of  morphine  in  nar- 
cosis, and  also  of  other  stimuli,  distinct  phenomena  of  contraction 
can  be  observed  in  the  dendrites  of  the  ganglion-cells,  or  neurons, 
which  correspond   exactly  to   those   contractile  phenomena  that 
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strong  stimuli  produce  upon  the  branched  pseudopodial  fila 
of  Rhizopoda.  The  two  pictures  agree  completely  (Q;  Fig.  1 
and  £).  The  dendrites  of  the  neurons,  for  example  in  the  br 
a  dog,  like  the  pseudopodia  of  the  rhizopods,  assume  a 
characteristic  moniliform  appearance  in  morphine-  or  ct 
narcosis,  their  protoplasm  accumulating  in  numerous 
globules  and  spindles.     Evidently  this  phenomenon,  which  c 


"•'"C 


illculu-,  alcanwus : 


Filofla  paaudopodU  p 


Uireugh  the  Dp«iilii( 


;  B.  in  chlorDfnriD'Diinaali. 


produced  only  by  an  excitation  of  contraction,  is  an  effect  o 
stage  of  excitation  which  the  narcotics,  aa  we  have  seen,  can 
other  forms  of  living  substance  before  paralysis  begins.  In 
condition  the  ganglion-cells  are  gradually  paralysed,  and  di 
their  narcosis  preserve  this  form  of  pseudopodia.  The  sai 
readily  observed^  also  in  the  narcosis  of  Ekizopoda  (Fig.  170" 
Ampkiitegina,  Orbitolitea,  Hkizoplasma,  etc. 

'  Cf.  Verwom  ('96,  3). 
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2.  The  Actions  of  Mechanical  Stimuli 

All  changes  in  the  pressure-relations  of  living  substance 
in  its  environment  may  be  termed  mechanical  stimuli.  The 
eSects  of  diminution  of  pressure  have  not  thus  far  been 
investigated  in  detail,  hence  only  the  effects  of  increase  of  pressure 
ne  to  be  considered  here. 

Increase  of  pressure  can  take  place  in  various  ways,  ranging 
fjm  ft  light  touch  to  a  vigorous  squeezing  or  complete  crushing 
of  the  living  substance,  from  a  brief  shock  to  a  continuous  and 
lasting  pressure,  or  from  an  irregular  shaking  to  rh}iihmically  in- 
tenBittent  impacts,  such  as  a  tuning-fork  produces. 


a.  TJie  Phenomena  of  Excitation 

Among  the  excitation- effects  of  mechanical  stimuli  upon  the 
phenomena  of  metabolism  the  clearest  is  that  of  the  production  of 
itabstance,  secretion,  in  unicellular  organisms.  Activ/)sph(Brium,  eg,, 
when  completely  at  rest,  floats  in  the  water,  with  many  pseudo- 
podia  extended  straight  in  all  directions  and  evolving  no  secretion. 
Absence  of  secretion  is  evident  from  the  fact  that  ciliate  Infusoria 
belonging  to  the  J7^o^ricAa,  which  have  cilia  on  their  ventral  side 
•fflly  and  by  means  of  them  run  over  objects  in  the  water  like  lice,  not 
rarely  walk  along  quietly  upon  the  extended  pseudopodia  of  the 
IdxMffharium  without  sticking  to  them.  But  if  one  of  the 
EypUricha  is  actively  swimming  and  bounds  against  a  pseudo- 
podium,  the  mechanical  stimulus  is  sufficient  to  cause  at  the  place 
of  contact  the  secretion  of  a  viscous  substance,  which  holds  fast 
the  infosorian  as  prey.^  A  single  strong  shock  likewise  causes  the 
secretion  of  slime  upon  the  pseudopodia,  so  that  small  particles 
suspended  in  the  water  remain  sticking  to  them.  Such  secretion 
as  the  effect  of  mechanical  stimulation  is  wide-spread  in  the  naked 
protoplasmic  bodies  of  Bhizopoda.  The  slime  becomes  directly 
visible  in  the  large  marine  radiolarian  Thalassicolla,  It  is  possible 
with  little  trouble  to  extirpate  from  the  round  body  of  Thalassi- 
<»Bb,  which  has  the  size  of  a  pea,  the  central  capsule,  which  is 
pierced  with  extremely  fine  pores  and  contains  protoplasm  and 
nodena  If  this  be  done  without  injury  to  it,  after  a  short  time  the 
capsnle  begins  to  regenerate  into  a  complete  radiolarian,  i.e.,  to  form 
new  pseudopodia,  and  gelatinous  and  vacuolar  layers  {Cf.  Fig.  171). 
After  the  pseudopodia  have  become  extended  like  a  circlet  of  rays 
from  the  yellow  spherical  body,  there  is  noticed  between  them  an 
extremely  delicate,  very  liquid  slime,  which  is  excreted  by  the 
pseudopodia  and  represents  the  rudiment  of  th(j  new  gelatinous 

»  Cf.  Verworn  ('89,  1 ). 
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layer.  If  in  this  stage  the  ludiulariun  be  given  a  strong  Rhock.  it 
may  be  seen  that  the  liquid  mass  of  alime  increases  and  becomes 
at  the  same  time  thicker  and  firmer ;  this  is  manifested  more  dis- 
tinctly when  the  shock  is  repeated.^  The  mechanical  stimulation 
promotes  visibly  the  secretion  of  slime. 

No  excitation-effects  of  mechanical  stimulation  upon  the  pheno- 
mena of  form-changes,  upon  growth  and  cell-division,  are  thus  fax 
known. 

Effects  of  excitation  upon  the  phenomena  of  the  trans/orma- 
tion   of  energy  have  been  investigated   ^ery   fully   and    a    great 


niiLi>.   itl'  i.bMcrvwl   facts   exists, 
(yiiii'iil  iiln'itiiiiii'iia, 
'I'k.... ,.i.„l  > 


From  these  we  will  select  the 


1  with  motion,  which  are  called  out  by  mechanical 
Hlimuli.  niiistitiitv  here  also  the  chief  point  of  interest.  The  pro- 
diidion  of  t  II  rgi>»>(;i'noe- movements  in  the  so-called  sensitive  plants. 
Buch  iVB  the  delicate  Mimosa  jnuiiea,  is  generally  known.  Mimosa, 
which  rvMiniblcH  n  Hinall  Acacia  tree,  diu-ing  the  day  and  while  i 
'  r/.  Vcrwom  ('»!). 
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undisturbed  holds  its  primary  petioles,  which  spring  from  the  trunk, 
directed  obliquely  upward.  The  secondary  petioles,  which  bear 
the  rows  of  leaflets,  are  spread  out  wide  apart,  and  the  leaflets  them- 
selves stand  horizontal  and  widely  extended  (Fig.  172,  j4).  But  as 
soon  a^  the  pot  in  which  the  plant  ia  growing  is  shaken,  the  picture 
changes  almost  immediately.  The  primary  petioles  fall  down 
as  a  result  of  the   decrease  of  the  turgor  ot  the  cells  of  their 

f)ulvini,  the  secondary  petioles  turn  toward  each  other,  while  the  leaf- 
ets  are  raised  and  lie  with  their  upper  surfaces  together  (Fig.  172,  B). 
The  plant,  when  left  at  rest,  remams  for  some  time  in  this  position, 
and  then  very  gradually  returns  to  its  original  condition,  the  cell- 
turgor  again  increasing  at  the  corresponding  portions  of  the  pulvi'-' 
In  the  single  leaflet  the  position  of  stimulation  can  be  called  ^ 


and  [ail«n,  with  itK  lean 


also  by  a  very  gentle  local  touch.  If  the  touch  be  stronger,  the 
leaflets  may  be  seen  to  move  in  succession  like  a  row  of  dominoes, 
thus  aflbrding  a  very  striking  demonstration  of  the  transmission 
of  the  stimulus. 

Among  the  contraction-movements  resulting  from  the  mechanical 
stimuli  the  contraction-phase  only  is  thus  far  recognised  with 
certainty,  although  it  is  not  improbable  that  in  many  cases  ver^' 
delicate  tactile  stimuli  may  produce  expansion.  Thus,  the  contact 
of  an  amoeboid  protoplasmic  ma.ss  with  a  smooth  support  might 
influence  by  cohesion  the  extension  of  the  pseudopodia. 

In  the  naked  protoplasmic  bodies  of  Jihuopotia  a  single  shock  upon 
the  extended  pseudopodia,  such  as  can  be  produced  by  a  vigorous 
rap  of  the  slide  under  the  microscope,  produces  more  or  less  pro- 
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iM  iJluiiOfiw  of  contnetion,  accoiding  to  the  very  vuious 
»  Tjf  juft«NKlT  K>{  the  diflforeat  speeies.'  An  Amaia  or  an 
Li.  A..uAMnmm.  atunnUted  in  this  way,  ceases  momentui^  its 
.vui«*rttM!*]  |R«tafdasinio  streaming,  it.,  the  exteDsion  of  its 
T<M-i.h»>iN«^:«pMi  strmger  stimnlatioD  there  may  be  a  pattiid 
iMmt'W  «'/  the  psen^^odia,  a  transitory  centripetal  Btreuniiw. 
V  'tih-t  ^unMs  sudi  M  Digtngiii,  reset  more  enersetioally  (Fig.  17$ 
\tsii  i  {v«ri^  eho^  the  pseudopodia  become  slowly  mne  or  lev 
AMtk.-tvA  HtMr  {Mterioasly  smooth  contour   becoming  wrinkled 


I .  t.  fi\  .nil It  n  Htmnger  shock  the pseudopodia are  frequently 
II  \\\\\\  ^ttt'h  ti>nt'  into  the  protoplasmic  body,  that  their  ends, 
■  i.t.ii'iti<«(  t«>  ilio  support  by  means  of  a  sticky  secretim. 
'..in  .>lV  \Vilii  Ktronger  stimulation  the  change  in  the 
U>k>.4li;t  )«  uiuoh  more  pronounced  than  with  feebler:  they 
i>.    ii»i  oiil\  wrinkled,  but  on  their  whole  surface  small  drop- 

.w.ll  .'Hi  »Mm  the  smooth  contour ; ^  the  more  the  reaction 
'..i-.  til.'  UiTp'i' hiHiimc  the  droplets;  they  flow  together  into 
>,li<i  liVi' »i:iiw.  nnri  arc  distinguished  clearly  by  a  strongly 
.  Mv«'«.ii«nd\i»iW«'in  thi'imsofthe  pseudopodium (Fig.  174); 
.  ■    \  ,-i  «mn  (Nil,  1 1.  '  ty  Fig.  1B6.  p.  363. 
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finally,  the  latter  is  wholly  drawn  in,  and  its  mass  mingles  with  the 
rest  of  the  body-protoplasm.  Among  the  marine  Pdythalumia  also 
there  are  many  forms  that  possess  very  great  irritability  ;  these  draw 


> 


o 

-  t> 


^ 


\ 


Fio.  174. — Contraction  of  a  psoudopodium  of  Difflutjia  lobostotHa  after  vigorous  shaking     Seven 

successive  stages  of  retraction. 

in  their  whole  richly-branched  net-work  of  pseudopodia  upon  a  single 
8hock. 

In  the  same  manner  there  can  be  observed  upon  the  slide 
under  the  microscope  the  eflFects  of  a  shock  upon  the  motion  of 
fiagella  and  cilia,  -ff.^.,  Peranema,  by  means  of  the  regular  lash- 
ings of  the  flagellum  at  its  anterior  end,  moves  through  the  water 
quietly  and  in  a  straight  line  (Fig.  175).  But,  if  the  slide  be 
given  a  brief  shock,  there  follows  at  once  an 
energetic  lashing  of  the  whole  flagellum, 
whicn  gives  the  cell  another  direction.  It 
then  continues  its  way  quietly  as  before,  with 
only  the  end  of  its  flagellum  vibrating.  The 
mechanical  stimulus,  therefore,  has  had  the 
result  of  intensifying  the  stroke  of  the  flagel- 
lum. The  same  thing  can  be  observed  in  the 
ciliary  motion  of  the  ciliate  Infusoria.  If  a 
PararruBcium  be  observed  in  quiet  and  not  too 
rapid  locomotion,  moving  through  the  water 
by  the  play  of  its  cilia  as  by  innumerable 
small  and  rapidly  moving  oars,  it  is  seen  that 
upon  being  jarred  it  suddenly  accelerates 
its  motion,  returning  immediately,  however, 
to  its  previous  rate.  This  fact  may  be 
observed  much  more  distinctly  in  Pleuronema 
ckrymlis,  a  small  bean-shaped  infusorian, 
which  usually  lies  in  the  water  for  a  long  time  absolutely  still  and 
keeps  its  long,  ray-like  cilia  completely  quiet  (Fig.  176).  At  the 
moment  when  it  is  slightly  shaken,  it  suddenly  makes  a  few,  very 


Fio.  175. — Peranana,  a 
flagellate-inf  usorian  cell, 
a,  Swimming  quietly ;  b, 
stimulated  by  shaking 


energetic  strokes  with  its  cilia,  so  that  it  spriugs  through  the  water 
like  a  flea,  and  immediately  thereafter  becomes  quiet  in  another 
spot.  Similar  cases  exist  in  great  abundance  among  the  active 
Infusoria.  It  is  found  everywhere  that  mechanical  stimuli  cause 
energetic  strokes  of  cilia, 

Infusorian  life  offers  innumerable  opportunities  to  observe 
the  eSects  of  mechanical  stimuli  upon  muscular  motion.  Smooth 
muscle-fibres  (myoids)  are  wide-sprtad  &tnoag  Infusoria  ;  and  juafc 
as  everything  in  the  lite  of  these  Protista,  which  are  in  endless 
activity,  takes  place  with  great  rapidity,  so  their  contractile  fibres 
react  upon  the  slightest  jai-ring  with  a  sudden,  strong  contraction. 
There  are  few  sights  in  the  microscopic  world  so  pleasing  aa  the 


contraction  of  a  much-branched  tree  of  Vorlicdlino!  upon  very  alight 

jarring  (Fig.  177).     At  the  moment  of  the  impube  all  the  sttQk- 

myoids  contract  suddenly  and  simultaneously,  and  the  stalks  are 

coiled  in  delicate  spirals  (Fig.  177,  B).    Stentor  also,  which  in  rest 

has  its  beautiful,   trumpet-shaped   body  unfolded,  at   every  j«* 

suddenly  draws  itself  into  a  stalked  ball  by  the  contraction  of  the 

many  myoid-fibres  lying  in  the  external  layer  of  the  body  (Fig.  188, 

p.  376).     The  cross-striated  muscles  of  the  higher  animals  behave 

n   similarly,  without  of  course  possessing  the  same  high  grade  of 

ft  iiritabiUty.   In  order  to  cause  contraction, bymeans  of  amechanical 

r  stimulus,  in   a   frog's   muscle,  for   example,  a   stronger  shock   to-  J 

p  the  muHcIe-subatance  is  needed  than  in  the  case  of  an  infusorian. 
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Every  one  who  has  been  at  the  sea-shore  upon  a  quiet  summer 
evening  has  observed  the  production  of  hght  by  mechanical 
stimuli.  The  curious,  transparent  animal  life  that  in  quiet 
weather  exists  at  the  surface  of  the  water  has  the  wonderful 
power,  irrespective  of  the  classes  to  which  the  animals  severally 
belong,  of  glowing  brilliantly  at  every  movement  of  the  boat  or 
the  oars,  or  every  dash  of  the  waves.  Where  the  water  contains 
much  plankton,  such  as  Nodilttcce,  Sadiolaria,  eggs  of  Ctenophora, 
etc.,  the  eflFect  of  a  shower  of  sparks  in  the  water  can  be  produced 
as  well  indoors.  Every  time  sea-water  is  stirred  in  a  glass  the 
unicellular  organisms,  at  the  moment  of  the  touch  with  a  glass 
rod,  flash   up  brightly,  and   then  immediately  sink   again  into 


A  B 

Fio.  177. — Carehaium  Tpolwpinvi.m.  a  branched  colony  of  VoriicelUna.  A,  Unstimulated ;  B^  stimu- 
lated by  jarring.  The  single  individuals  jerk  together  by  the  contraction  of  the^myoids  of 
their  stalks. 


darkness.     The  experiment  can  be  repeated  innumerable  times, 
and  the  spectacle  that  is  presented  is  of  wondrous  beauty. 

Before  leaving  the  excitation-eflFects  of  mechanical  stimuli,  one 
more  group  deserves  attention,  viz.,  the  results  of  rhythmically 
repeated  shocks.  Phenomena  that  are  produced  only  incompletely 
by  single  shocks  are  expressed  much  more  strongly  by  summation, 
providing  that  each  succeeding  impulse  follows  before  the  stimulus 
of  the  preceding  one  has  passed  away.  This  fact  is  demonstrated 
most  distinctly  in  contraction-movements,  where  one  con- 
traction is  superimposed  upon  another  so  that  there  is  no  time 
for  expansion  to  develop  between  them ;  a  genuine  cramp 
then  appears,  which  is  termed  mechanical  tetanus.  The 
peculiarity  of  tetanus  lies  in  the  fact  that,  although  composed  of 
many  single  contractions,  on  account  of  their  rapid  succession  it 
gives  the  impression  of  a  continual  process.  The  simplest  method 
of  producing  rhythmic  shocks  is  either  to  shake  the  objects  in  a 
shallow  basin  by  means  of  a  rotating  toothed  wheel  that  has  wide 

c  c 
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teeth,  or  to  festen  them  upon  a  thin  ^lass  slide  upon  <me  limb  of 
a  tuning  fork  of  the  proper  pitch  and  draw  a  violin  bow  across  the 
other  limb.  Observation  immediately  after  the  experiment  shows 
that  Amasba,  Aclino^kterium,  and  other  rhizopods  nave  drawn  in 


Fio.  l7S.—Jmata. 


lo  BttmoUttoD  apoa  ■  tuning  fnt 


their  pseudopodia  completely  and  are  in  the  stage  of  complete 
contraction,  i.e.,  more  or  less  completely  spherical  (Fig,  178).  It 
the  experiment  be  interrupted  after  a  brief  period  of  ahaJdng, 
according  to  the  time  of  the  interruption  the  various  stages  in  the 
formation  of  tetanus  can  be  observed.     The  pseudopodia  are  then 


incompletely  retractc<i.  The  phenomena  in  long,  thread-like 
pseudopodia,  such  as  in  Aciinusph-wrium  or  OrbitolUes,  are 
characteristic  (Figs.  179  and  180).  With  very  slight  shaking 
the  pseudopodia  remain  smooth  and  straight,  as  they  were  when 
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undisturbed,  and  their  protoplasm  flows  slowly  but  constantly 
without  exception  in  a  centripetal  direction.  But,  if  the  shaking 
be  more  intense,  they  assume  a  varicose  appearance,  their  centn- 
petally  streaming  protoplasm  collecting  into  many  small  spindles 
and  globules,  of  wnich  the  smaller  flow  into  the  adjacent  larger 
ones,  while  the  larger  ones  constantly  approach  the  central 
protoplasmic  body;  upon  long-continued  action  all  protoplasm 
flows  into  the  cell-body.'  This  curious  formation  of  droplets 
upon  pseudopodia.  is  a  peculiarity  of  strongly  and  continually 
stimulated  protoplasm  which  is  general  in  Bhwopoda  that  are 
])rovided  with  filose  pseudopodia ;  it  is  only  a  special  case  of  the 
general  law  that  strong  stimuli  cause  naked  protoplasmic  i 


,  thread-like  pdoudopodla. 


B,  after  vl^rouB  BhAkin^. 


to  assume  the  spherical  form.  The  same  tendency  toward  the 
formation  of  globules,  which  all  stimulated  protoplasm  as  a  whole 
shows,  is  also  noticeable  in  its  individual  parts.' 

Ciliary  motion  is  increased  greatly  by  rhythmically  inter- 
mittent shocks,  so  that  Infusoria  stimulated  in  this  way  rush 
madly  through  the  water  for  a  considerable  time  after  the 
stimulation  has  ceased.  A  real  tetanus,  however,  in  which  the 
cilia  remain  bent  in  the  position  of  contraction,  appears  not  to 
occur,  at  least  thus  (ar  such  has  not  been  observed.  The 
rhythmic  motion  of  the  cilia  continues,  and  is  changed  in  its 
rate  and  amplitude  only. 


C/-.  VerwoniC92,l). 
C/.  herewitli  the  ph( 


of  necrobinsh 


p.  329,  Fig.  143. 
C   C   2 
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On  the  c  her  band,  in  the  muscle  mechanical  tetanus  can  be 
produced  very  easily.  VurticeUa,  stimulated  in  the  above-described 
manner,  passes  at  once  into  tetanus.  The  stalk-muscle  remains 
continually  contracted.  The  tetanus  is  frequently  bo  great  that 
the  cell-bodies  are  loosened  from  their  stalks  and  swim  away.  A 
short  time  after  the  cessation  of  the  stimulation  the  isolated  stalks 
extend  a^n,  but  rarely  continue  to  live  for  any  length  of  time. 
CroBS-stnated  muscle  can  likewise  be  put  into  tetanus  by  a  ham- 
mer acting  rhythmically  and  arranged  to  strike  carefully  upon  the 
muscle  ;  the  latter  remains  contracted  throughout  the  duration  of 
the  stimulus. 

One  might  easily  be  misled  by  external  appearances  into  re- 
garding the  tetanus  of  contract.! In  snhstances  as  a  phenomenon  of 
depression,  for  Amo''^  Ac  ^au  m,  muscle,  etc.,  during  the 
tetanic  condition  ar  T,iy  ir        nplete  rest  and  motionless, 

like  the  same  object  aarc        has  acted  upon  them.     But 

the    two    conditio!         ,.i,  c.b.iob  nothing   to   do   with   one 

another.     The  diffe        _  is  fur  al,  as  is  shown  by  an  investi- 

gation of  the  metaifuiism.     \  i   narcosis    the   metabolism 

undergoes  a  real  depression,  researches  have  shown  that  in  tetauised 
muscle  the  metabolism  is  considerably  increased.  The  decompo- 
sition-products of  the  living  substance,  such  as  carbonic  acid, 
lactic  acid,  etc.,  undergo  an  extraordinary  increase  in  quantity; 
certain  substances  that  have  accumulated  in  the  muscle,  such  as 
glycogen,  become  consumed  ;  and  the  production  of  heat 
becomes  increased  to  a  considerable  degree.  It  follows  from 
this  that  in  the  tetanic  condition  the  vital  process  experience-s 
a  conBiderahle  augmentation,  that  tetanus  is  a  phenomenon  not  of 
depression  but  really  of  excitation. 

The  production  of  light  by  Noctiliitxi-  upon  intermittent  stimu- 
lation appears  to  be  a  continual  process  analogous  to  the  tetanus 
of  contractile  substances.  After  a  short  time  this  phenomenon 
decreases  very  considerably  in  intensity.' 


h.   The  Phtnomena  of  Deprcsswn 

The  phenomena  of  depression  that  are  called  out  by  mechanical 
stimuli  are  as  rare  as  the  exciting  effects  of  such  stimuli  are 
manifold  and  wide-spread,  and  they  have  been  little  investigated. 

Horvath  (78),  and  later  in  agreement  with  him  Reiiike 
('80),  made  the  statement  that  the  growth  of  Bacteria  the 
cultures  of  which  are  continually  exposed  to  regular  shocks,  is 
interfered  with,  in  other  words  a  depression  of  growth  takes  place. 
Later  the  validity  of  these  experiments  was  called  in  questior 
by   others;    but  recently   Meltzer  ('94),  in  a   detailed  series  oi 

'  C/.  MaaSBrt  ('93). 


STIMULI  AND  THEIR  ACTIONS  389 

experiments,  confirmed  in  essential  the  observations  of  Horvath 
and  Reinke  by  showing  that  regular  vibrations  are  able  to  produce 
not  only  an  inhibition  of  growth,  but  under  certain  conditions 
even  complete  death  and  granular  disintegration  of  the 
protoplasm. 

Further,  Engelmann  (79,  1)  made  the  observation  that  the 
motion  of  Diatomem  and  OscUlariw  ceases  upon  shaking.  But 
here  the  question  is  undecided  whether  the  standstill  is  to  be 
interpreted  as  a  phenomenon  of  depression  or  the  expression  of 
tetanic  excitation,  like  the  cessation  of  protoplasmic  motion  in 
tetanised  Amcebcc. 

Finally,  in  the  pressure-pai'alysis  of  nerves  we  have,  at  all  events, 
a  real  phenomenon  of  depression  which  is  to  be  classed  with  those 
produced  by  narcotics.  This  pressure-paralysis,  which  appears 
when  a  nerve  is  compressed  for  a  time  but  not  too  strongly,  is 
generally  known  as  the  "  feeling  of  going  to  sleep  "  of  the  limbs. 
Besides  the  subjective  phenomena,  the  "  going  to  sleep  "  expresses 
itself  in  a  diminution  or  complete  interruption  of  the  power  of 
conductivity  of  the  compressed  nerve,  so  that  for  some 
time  the  muscles  supplied  by  the  latter  cannot  be  stimulated 
through  it  to  contraction.  A  short  time  after  the  cessation 
of  the  pressure  the  power  of  conduction  is  again  established. 

This  comprises  approximately  all  the  facts  known  regarding 
depressing  effects  of  mechanical  stimuli. 


3.  The  Actions  of  Thermal  Stimuli 

The  employment  of  thermal  stimulation  allows  far  fewer 
variations  to  be  made  than  that  of  mechanical  or  even  chemical 
stimulation,  for  only  a  rise  or  a  fall  of  temperature  can 
act  as  a  stimulus  upon  living  substance.  In  accordance  with 
the  nature  of  the  thermal  stimulus  rapid  rhythmical  variations  of 
temperature  cannot  be  produced,  smce  heat  requires  a  long 
time  to  be  communicated  to  a  body  or  to  disappear  from  it. 
Hence  it  is  impossible  to  produce  a  thermal  tetanus  corresponding 
to  mechanical  tetanus.  Thermal  stimulation  is  thus  very  simple, 
and  its  effects  are  likewise  simply  shown. 


a.  The  Phenomena  of  Excitation 

Starting  from  the  average  temperature  at  which  a  cell  normally 
exists,  which,  therefore,  represents  the  optimum  of  the  vital 
condition,  it  is  found  to  be  a  general  law  that  up  to  a  certain  point 
excitation  increases  with  increasing  temperahtre.  This  holds  good 
for  very  different  vital  phenomena  and  for  very  different  forms  of 
living  substance. 
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The  best  example  of  the  excitation  of  metabolism  b]^  increaaiiig 
temperature  is  am)rded  by  the  activity  of  yeast-cells,  since  in  the 
quantity  of  carbonic  acid  that  is  derived  from  the  deoompoeitiQa 
of  grape-sugar  there  is  given  an  excellent  measure  of  the  increase  of 
metabolism.  The  evolution  of  carbonic  acid  in  a  solution  of  grape- 
sugar  containing  yeast  is  alwavs  more  active  with  increasing 
temperature  up  to  about  30"* — 35  C.»  when  it  becomes  very  violent^ 
The  bubbles  of  carbonic  acid  rise  in  the  fermentation-tube  as  in 
sparkling  champaj^e.  Plant-life  likewise  affords  many  dear 
examples  of  how  with  rising  temperature  within  certain  limits  the 
vital  phenomena,  such  as  cleavage  iof  carbonic  acid,  formation  of 
starch,  of  proteid,  etc.,  increase  in  intensity;  it  is  here  found  that 
the  temperatures  at  which  the  excitation  reaches  its  maximnm 
are  very  different,  not  only  for  the  different  forms  of  living 
substance,  but  also  for  the  various  metabolic  processes  in  the 
same  object.  It  is  observed  also  in  animals  that  metabolism 
increases  proportionally  with  the  temperature;  and  Spallanaaiii 
showed  for  cold-blooded  animals,  especially  for  snails,  that  the 
consumption  of  oxygen  is  thus  increased,  whatever  may  be  the 
details  of  the  metaoolism,  the  law  holds  good  everywhere  in  the 

olism  1] 


living  world,  that  the  iq^e^ity  of  metabolism  increases  with  jn^^ 
creasmpr  temj)erature. 

It  should  be  mentioned,  however,  that  there  is,  apparently^ 
an  exception  to  this  general  law.  This  is  shown  by  the  Dehaviour 
of  homothermal  (warm-blooded)  animals.     It  is  a  well-known  fiict 

I  that  warm-blooded  animals  undergo  a  decrease  of  metabolism  with 
rising  temperature.  Man  in  winter  has  a  much  more  active  meta- 
bolism than  in  summer,  he  consumes  most  food  at  the  lowest,  least 
at  the  highest  degrees  of  temperature.  Thus  far  this  remark- 
able paradox  has  been  little  explained,  and  PflUger  (78),  who 
has  studied  the  subject  in  detail,  anives  at  a  solution  of  the 
apparent  contradiction  only  by  the  aid  of  certain  hypotheses. 
As  is  well  known,  the  peculiarity  of  warm-blooded  animals  in  con- 
trast to  all  others  is  the  possession  of  a  mechanism  in  their  nervous 
system  tluit  regulates  reflexly  the  temperature  of  the  body  and 
maintains  it  at  a  constant  height,  however  great  variations  the  ex- 
ternal ti*mperature  may  undergo.  The  metabolism,  which  is  the 
source  of  heat-production  in  the  animal  organism,  is,  however,  in 
the  warm-blooded  animals,  the  servant  of  the  heat-regulating 
meehanism.  If  the  external  temperature  is  low,  the  metabolism 
and  with  it  the  production  of  heat  are  increased  reflexly  through 
the  nervous  system  from  the  skin,  in  order  to  comp^ensate  for  the 
greater  loss  of  heat  by  the  b(xly ;  and,  vice  versa,  if  the  external 
temperature  is  high,  the  metabolism  and  with  it  the  production  of 
heat  undergo,  likewise  reflexly,  a  corresponding  depression.  The 
increase  of  meUibolism  of  the  cells  in  cold  and  the  decrease  in 

»  Cf.  von  Liebig  ('70). 
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vraJrmth  are,  therefore,  not  called  out  directly  by  the  temperature, 
but  by  stimuli  that  come  firom  the  central  nervous  system.  But 
tlic  paradox  is  not  thus  removed,  it  is  merely  deferred.  The  excita- 
tion of  the  central  nervous  system,  which  affords  the  stimuli,  is 
|>i-ought  about  along  the  path  of  the  tempemture-nerves  from  the 
sixr&ce  of  the  body,  the  skin,  by  cooling  or  wanning ;  and  thus  the 

Suestion  remains  still  open,  how  increasing  temperature  can  pro- 
iice  a  depression,  and  felling  temperature  an  increase  of  excitation 
in  the  central  nervous  system.     In  order  to  answer  this  question 
ixi  harmony  with  the  general  law  of  temperature,  and  also  to  set 
a;side  the  apparent  paradox,  Pfliiger  (78)  formed  the   following 
v«)'  plausible  hypotnesis.     He  supposes  "  that  the  central  organ 
of  the  sense  of  temperature  contains  two  substances  as  substrata  of 
tiro  diflFerent  specific  energies :  the  excitation  of  one  of  these  sub- 
stances manifests  itself  in  consciousness  as  the  feeling  of  warmth,  the 
excitation  of  the  other  as  the  feeling  of  cold.     One  would  then  have 
to  suppose  further  that  the  two  substances  are  related  in  such  a 
Wf  that  the  excitation  of  one  is  decreased,  when  that  of  the  other 
is  increased,  and  vice  versa"     As  a  matter  of  fact,  such  conditions 
are  frequently  recognised  in  the  central  nervous  system.     Upon 
this  supposition  it  is  clear  that  with  rising  external  temperature  the 
beat-centre  must  be  excited  and  the  cold-centre  be  depressed,  while 
irith  felling  temperature  the  heat-centre  must  be  depressed  and 
the  cold-centre  excited.     If,  therefore,  the  cold-centre  is  connected 
with  the  nerve-trunks  that  influence  metabolism,  depression  of  it 
by  increased   external   temperature   nmst   have    as    a    result   a 
depression  of  the  metabolism,  and  vice  versa.     Thus  the  law   of 
temperature  would  preserve  its  general    validity.     The   idea  is, 
however,  only  hypothetical. 

The  augmentation  of  vital  phenomena  by  increase  of  temperature 
18  also  evident  in  form-charnjes,  where  in  general  it  is  clearly  ex- 
pressed, especially  in  organisms  that  are  undergoing  development 
and  in  cells  whose  living  substance  is  growing  and  reproducing. 
Thus,  plant  seeds  begin  to  germinate  at  a  certain  temperature ; 
Indian  com  at  approximately  9°  C,  seeds  of  the  date  at  approxi- 
mately 15*"  C.^  From  these  points  on,  with  increasing  tempera- 
tare,grDwth  increases  constantly  up  to  about  30° — 40°  C.  Numerous 
observations  have  been  made  upon  BactcHa  which  have  shown  the  _,. 

same  relation.     The  hay-bacillus,  according  to  the  investigations  f'} 

ofBrefeld,  begins  to  grow  at  6°  C,  and  with  rising  temperature  ii:; 

increases  constantly  and  more  rapidly  up  to  30°  C.     The  bacillus  \'\ 

of  tuberculosis,  as  Koch  htus  shown,  begins  to  grow  first  at  28°  C.,  V 

and  reproduces  most  rapidly  at  37° — 38°  C.     The  fact  that  this  ';  J 

bacillus  begins  its  growth  at  so  high  a  temperature  is  due  to  its  J 

parasitic  manner  of  life  in  the  tissues  of  wann-blooded  animals,  ; 

«ith  whose  body-temperature  the  optimum  of  its  growth  coincides.  ; 

1  Cf.  Sachs  ('82). 
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De  Bary  ('8J),  in  his  lectures  upon  Bacifri^.  haa  culloctod  i 
number  of  similar  esainples  from  the  life  of  these  omanianis.  In- 
vestigations of  other  objects,  such  as  animal  egg-cella,  leucocytes, 
etc,  would  siippoeably  give  wholly  analogous  results. 

Butthe  excitation -effectsuponthe phenomena  of  cftanjf.»o/'en<ryy, 
eapecially  upon  motion,  are  most  directly  noticeable.  Here,  also, 
in  general,  an  increase  of  motion  accompanies  increasing  tem- 
perature. In  following  these  phenomena  in  single  living  cells,  the 
warm  stage  devised  by  Max  Schultze  for  this  purpose  can  best  be 
employed.  It  consists  of  a  horseshoe-shaped  brass  plate,  widened  out 
at  its  curved  part  so  as  to  cover  a  greater  surface  (Fig.  181). 
Under  this  surface,  which  i.s  pierced  by  a  diaphragm,  there  is  j 


"^H 


thermometer  spii-ally  wonnd,  the  upper  end  of  which  projects  upon 
a  scale  between  the  two  limbs  of  the  horseshoe-shajioa  stage.  The 
whole  is  fa-stened  upon  the  stage  of  the  microscope,  and  beneath 
the  two  ends  of  the  horse-shoe  spirit-lamps  are  placed,  which  slowly 
heat  the  stage.  With  the  thermometer  the  height  of  the 
temperature  prevailing  in  the  middle  of  the  stage  can  easily  be 
controlled. 

In  this  Avay  it  can  be  demonstrated  that  the  protoplasmic  move- 
ment oi  Awcha,  as  Engelmann('7it.  1)  found,  is  always  more  active 
with  incrcitsing  temiJerature  and  that,  as  Ktihne  {'Gi)  first 
established,  these  Pt-otisin  fall  into  strong  contractions  at  35"  C,  us- 
Sliming  a  spherical  form,  just  as  after  strong  chemical  or  mechani- 
cal stimulation  {Of.  Fig.  183,  B,  p.  395).  Other  rhizopods  such  as 
Actini,»p]imHum,   (h-bitolites,   etc.   {Cf.    Figs.    179    and     180),    as 
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well  as  leucocytes  of  various  species  of  animals,  behave  in  all  respects 
analogously;  and  even  the  protoplasmic  streaming  of  plant-cells 
shows  the  same  phenomena.  Max  Schultze  (*63)  and  Nageli  ('60) 
measured  the  rate  of  granular  streaming  in  the  protoplasmic 
threads  of  the  cells  of  Tradescantia  and  Nitdla  with  increasing 
temperature,  and  saw  how  it  became  constantly  gre^xter;  and 
Kuhne  (/.c.)  found  that  the  protoplasm  of  the  cells  of  the  stamen- 
hairs  of  Tradescantia  at  a  temperature  of  45**  C.  exhibits  powerful 
contractile  phenomena,  becoming  collected  into  globules  in  the 
typical  manner  {Cf,  Fig.  35,  p.  95). 

In  the  exciting  eflfect  of  rising  temperature  upon  protoplasmic 
motion  an  important  fact  is  to  be  noticed,  which  is  of  great 
importance  in  the  explanation  of  many  phenomena  to  be  treated 
later.  This  is  the  fact  that  the  two  phases  of  the  motion,  that  of 
expansion  and  that  of  contraction,  are  not  equally  excited.^  This 
can  be  established  best  in  marine  Rhizopoda  that  possess  long, 
thread-like  pseudopodia,  in  which  the  protoplasmic  particles  have 
to  pass  over  a  very  long  path.  JS.g.,  in  the  action  of  rising 
temperature  upon  Bhizoplasma  (Fig.  130,  p.  285)  it  is  seen  that  up 
to  about  31° — 32°  C.  both  phases  are  gradually  excited,  so  that 
the  protoplasmic  motion  is  accelerated  ;  but  expansion  outweighs 
contraction,  so  that  the  pseudopodia  extend  farther  and  farther 
and  become  more  numerous.  At  about  31° — 32°  C,  the  two  phases 
are  equally  excited.  If  the  temperature  be  still  more  increased, 
contraction  more  and  more  outweighs  expansion,  and  with  a  very 
slow  increase  of  temperature  up  to  about  39°  and  40**  C.  the 
pseudopodia  finally  become  completely  retracted.  Hence  the 
curves  of  excitation  of  expansion  and  of  contraction  do  not 
coincide,  but  have  their  maxima  at  different  places.  Without 
doubt  a  similar  condition  is  to  be  observed  in  other  contractile 
objects  and  with  other  stimuli,  and  it  would  be  a  very  fruitful 
task  to  make  further  studies  in  this  direction. 

Ciliary  motion  is  likewise  gradually  augmented  by  increasing 
temperature  up  to  a  certain  degree,  as  Engelmann  (79,  1) 
has  observed  in  ciliated  epithelia,  and  Rossbach  (71)  in 
Infusoria.  The  oral  mucous  membrane  of  the  frog  is  a  con- 
venient object  for  the  observation  of  the  ciliary  motion  of  an 
epithelium.  It  is  easy  to  loosen  from  the  palate  and  cut  off  a 
piece  of  this  ciliated  membrane  a  centimetre  square,  the  ciliary 
motion  of  which  is  directed  toward  the  oesophagus.  If  we 
stretch  such  a  piece  with  four  needles  upon  a  cork  frame  (Fig.  182) 
and  cover  it  with  a  cover-glass,  we  can  observe  the  ciliary  motion 
for  days,  if  the  object  be  protected  from  drying,  and  study  its  rate, 
either  directly  under  the  microscope,  or  by  the  passage  of  blood- 
clots  or  particles  of  coal-dust  laid  upon  it.  In  such  a  preparation 
it  is  easy  to  determine  that  the  rate  and  energy  of  the  motion 

»  Cf.  Verwom  ('96,  2,  3). 
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increase  with  increasing  temperature.  The  same  phenomena  can 
be  observed  as  easily  and  perhaps  more  clearly  in  Infusoria 
with  the  warm  stage.  Rossbach,  who  first  made  such  investigations 
upon  various  Ciliata,  describes  how  the  ciliary  motion  suddenly  in- 
creases in  rate,  so  that  at  25°  C.  the  IvfiLsoria  begin  "  to  shoot 
here  and  there  like  arrows,"  and  at  30° — 35°  C.  their  motions 
become  really  furious. 

Muscle  behaves  analogously.     If  a  frog's  muscle  be  hung  in  a 
0*5  per  cent,  solution  of  common  salt,  the  temperature  of  which 


Fin.  182.— Oral  mucous  membrane  of  the  frog  stretched  upon  a  cork  frame. 

is  rapidly  increased,  the  muscle  shortens  gradually  with 
increasing  temperature  from  about  28*^  C.  on,  until  at  about 
45**  C.  its  contraction  has  reached  its  maximum.  But  if  the 
muscle  be  dipped  suddetfly  into  a  salt  solution  of  45°  C, 
there  appears  at  once  a  sudden  contraction.  The  irritability  of 
muscle  is  also  increased  with  rising  temperature. 

Thus,  everywhere  in  living  nature  the  law  is  met  with,  that  within 
certain  limits  inci'casing  temperature  acts  to  augment  vital  processes. 


b.  The  Phenomena  of  Depression 

Falling  temperature  produces  effects  opposite  to  those  of  rising 
temperature.  If  the  temperature  be  constantly  lowered  from  the 
average  at  which  an  organism  normally  exists,  it  is  found  that  the 
vital  phenomena  constantly  decrease  in  energy,  and  that  from  a 
certain  low  degree  on — which  point  is  very  different  for  different 
organisms  and  different  phenomena — they  are  no  longer  percep- 
tible. Thus,  at  temperatures  below  10°  C.  yeast  no  longer  decom- 
poses grape-sugar  ;  at  2° — 3°  C.  the  development  of  sea-urchin  eggs 
undergoing  division  is  at  a  standstill ;  at  a  little  above  0°  C.  Amaba 
ceases  its  motions,  and  when  cooled  rapidly  is  fixed  in  the  form^. 
which  it  possessed  (Fig.  183,  G).  At  a  certain  lower  degret 
protoplasm  takes  on  cold-rigaiir.  Warming  above  this  point 
sufficient  to  dissipate  the  rigour  and  allow  the  phenomena 
appear  again.  But,  if  the  temperature  is  reduced  below  this  poii 
a  point  is  finally  reached  at  which  the  vital  capacity  is  abolish( 
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finom  which  warming  cannot  restore  life.  This  minimum  of 
temperature  lies  of  course  with  different  organisms  at  very  different 
heights.  Thus,  as  has  been  seen,  Kiihne  showed  that  Amoeba  dies 
upon  freezing,  that  is,  upon  being  cooled  to  a  little  below  0°  C. ; 
while  Pictet  found  for  Bacterid  that  they  could  endure  cooling  U) 
more  than  — 200"*  C.  without  losing  their  vitiil  capacity.^  The 
question  whether  in  any  living  substance  a  point  is  ever  reached  by 
cooling  where  the  vital  processes  are  at  a  complete  standstill  without 


B 
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Tio.  181— Fonna  of  Uie  body  of  Amtrba  liimuc  at  difTcrciit  teiiii)eratureH.    A,   At  '2^>'  C. ;   the 
uaaSm  hvn  on  extended  wodgo-shapc,  and  Hhow  ;u'tivc  prutuplonmic  ntreaming.     S,  At 
¥tC;  the  anuBbie  have  asnumea  a  HphericHl  fomi,  un<l  nru  in  Lcat-riifoiir.     (\  At  2'  C. ;  the 
Imb  show  a  lumpv  coll-body,  from  which  ninuorous  Kuiall  pHcuduiKKliH  project ;  move* 
;  fa  noticeable  only  after  very  lung*continued  observatiun. 


the  vital  capacity  being  extinguished,  is  at   present    no    more 
decided  than  the  same  question  regarding  narcosis.     Cold-rigour 
wd  narcosis  are  wholly  analogous  states :  in  both,  vital  processes 
are  not  perceptible,  from  both  by  restoring  the  normal  conditions 
^e  living  substance  is  restored  to  life,  and  from  both  by  inten- 
sifying the  unusual  condition,  i.e.,  by  deeper  narcosis  and  further 
cooling,  it  passes  over  into  irre|)arable  death.     This  latter  fact,  that 
increased    narcosis    and    cooling    abolish    the   vital    capacity   of 
P^i'alysed  organisms,  ought  rather  to  speak  in  favour  of  the  view 

1  Of.  p.  2y<j. 
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that  in  this  depressed  ot^ndition  the  vita!  proceases  are  not  wholly 
extinguished,  that  a  vita  jninima  exista.  Decisive  experiments 
upon  this  point  are  wanting.^ 

These  phenomena  of  depression  by  cold  are,  however,  not  the 
only  ones  that  are  called  out  by  changes  of  temperature.  High 
degrees  of  heat,  like  low  degrees  of  cold,  depress  vital  phenomena. 
It  has  been  seen  that  increase  oftemperature  acts  to  stimulate,  and 
that  at  a  certain  height  the  vital  processes  can  became  even  violent. 
But,  if  the  temperature  rises  beyond  this  point,  the  intensity  of  the 
processes  suddenly  decreases  with  extraordinary  rapidity,  and 
vital  phenomena  become  imperceptible.  With  yeast-cells  warmed 
above  40°  C.  no  evolution  of  carbonic  acid  can  be  observed  in  a 
solution  of  grape-sugar ;  the  eggs  of  sea-urchins  undergoing 
division  or  fertilisation,  when  wanned  bove  30°  C.  are  at  a  stand- 
still in  the  stage  in  which  they  already  were;  amtebs  warmed 
above  35°  C.  maintain  their  spherical  shape ;  and  at  the  same 
temperature  the  cilia  of  ciliated  cells  remain  greatly  curved,  i.f., 
in  the  state  of  contraction ;  in  brief,  the  protoplasm  ^Us  into  heat- 
rigottr  (Fig.  183,  B).  If  the  objects  are  cooled  after  a  brief  action 
of  these  high  temperatures,  they  recover  slowly ;  but,  if  the  action 
continues  too  long,  or  the  temperature  rises  a  little  more,  a  return 
to  life  is  impossible.  The  point  where  the  vital  processes  act 
most  intensely,  i.e.,  the  maximum  of  metabolism,  is,  therefore,  very 
near  the  point  of  heat-rigour  and  the  maximum  of  temperature, 
beyond  which  death  results,  while  it  is  very  far  removed  from  the 
point  of  cold-rigour  and  the  minimum  of  temperature.  In 
other  respects  the  analogy  between  cold-rigour  and  heat- 
rigour  is  complete ;  both  are  phenomena  of  depression. 
It  is,  therefore,  disadvantageous,  and  it  leads  to  false  ideas, 
to  employ  the  expressions  cold-tetanus,  and  heat-tetanus  for 
cold-rigour  and  heat-rigour,  as  is  sometimes  done.  Rigour  is  the 
ilirect  opposite  of  tetanus  :  rigour  is  a  phenomenon  of  depression, 
tetanus  a  phenomenon  of  excitation.  Cold-  or  heat-tetanus 
cannot  be  produced  at  all,  since  the  rhythmic  intermittence  of  the 
stimulus  belongs  to  the  conception  of  tetanus,  and  in  temperature 
this  can  hardly  be  obtained.  Hence,  confusing  the  two  conceptions 
leads  only  to  erroneous  ideas. 

Thus,  life  is  embraced  between  two  points  of  temperature,  that  of 
cold-rigour  and  that  of  heat-rigour,  at  which  the  vital  processes  have 
their  minimum,  or  are  at  a  complete  standstill.  Between  these 
points  they  go  on  perceptibly,  and  the  more  actively  the  more  the 
temperature  rises  from  the  point  of  cold-rigour  up  to  near  the 
point  of  heat-rigour.  Shortly  b'^fore  the  latter  point  is  reached  the 
vital  processes  have  their  uiaAiimiiJi,  Fiuiu  iioro  oa  thoir  intouaity 
suddenly  sinks  with  increase  of  temperature  up  to  the  point  of  heat- 
rigour.  Hence,  if  we  had  an  exact  measure  for  the  intensity  of  eveiy 
'  Cf.  p.  37fi. 
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a.  The  Phenam^iia  of  Excitation 

The  whole  organic  world  of  to-day  is  directly  dependent  upon 
the  metaholic  action  of  light.  The  old  philosophers  of  nature,  as  has 
been  seen,  characterised  animals,  in  a  certain  sense  not  incorrectly, 
as  parasites  upon  plants.  It  is  true  that  camivora  nourish 
themselves  upon  animal  substances ;  but  this  animal  food  is  derived 
from  herbivora,  and  thus  the  carnivora  also  are  thrown  back  upon 
the  plants.  But  plants  cannot  exist  without  the  influence  of 
light.  The  sun's  rays  give  the  stimulus  that  causes  the  chlorophyll 
bodies  of  the  plant-cells  to  decompose  the  carbonic  acid  of  the  air 
into  carbon  and  oxygen,  and  from  the  carbon,  with  the  water  taken 
in  through  the  roots,  to  produce  synthetically  the  first  organic 
substance,  the  first  product  of  assimilation,  starch.  Further,  the 
sun's  rays  also  give  the  impulse  to  the  production  of  the  green 
chlorophyll  colouring-matter  itself;  this  follows  from  the  fact  that 
plant  seeds,  sprouting  in  the  dark,  produce  a  white  or  bright-yellow 
plant,  which  grows  for  a  time  at  the  expense  of  the  reserve- 
substances  stored  up  in  the  plant  seed,  but  which  becomes  green 
only  when  exposed  to  the  light.  Only  after  it  becomes  green  is 
the  plant  able  to  decompose  carbonic  acid  and  form  starch.  Thus, 
the  first  organic  product,  from  which  all  other  organic  substance  is 
derived,  originates  from  the  action  of  the  photic  stimulus  of  the 
sun's  rays. 

This  assimilatory  action  of  sunlight  does  not  belong  to  all  light- 
rays  in  equal  measure.  As  has  already  been  seen,^  with  equal 
intensities  the  red  rays  have  the  strongest  action. 

As  regards  most  of  the  objectively  perceptible  effects  of  light 
upon  the  retinal  cells  in  the  eyes  of  man  and  of  animals,  so  far  it 
is  uncertain  whether  they  depend  upon  the  direct  stimulation 
of  the  cells  in  question,  or  upon  reflex  stimulation  through  the 
central  nervous  system.  Nevertheless,  metabolic  effects  must  be 
present  in  the  retinal  cells,  since  their  results  in  the  central  nervous 
system,  to  which  the  excitation  is  transmitted  through  the  optic 
nerves,  we  subjectively  feel  as  colours,  and  objectively  recognise  in 
other  men  or  animals  in  the  movements  that  are  called  out  by 
photic  stimulation  through  the  mediation  of  the  central  nervous 
system. 

As  regards  the  excitation-effects  of  light  upon  form-changes, 
thus  far  nothing  is  known. 

Numerous  effects  upon  changes  of  energy ,  especially  in  motile 
phenomena,  have  been  recognised. 

In  certain  fresh-water  ponds  there  is  found  concealed  between 
mud  and  sand,  in  almost  total  darkness,  an  awkward,  sluggish, 
amoeba-like  rhizopod,  Pelomyxa.     The  lumpy,  naked  prot^^^o'^'nic 
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brates,  such  as  the  earth-worm,  eyes  are  completely  wanting,  and 
only  the  cells  of  the  skin  are  similarly  sensitive.  Many 
unicellular  forms  possess  the  power  of  reacting  to  photic 
stimuli,  even  those  that  have  no  organs  specialfy  developed 
for  the  perception  of  light,  and  in  the  chloropnyllaceons  Prohiia 
and  plants  the  irritabiUty  to  Ught  is  generaUy  wide-spread 

On  the  other  hand,  there  are  a  nost  of  cell-forms,as,e.^.,th6  majority 
of  tissue-cells  and  ciliate  Infusoria,  which,  according  to  experimento 
thus  far,  are  not  affected  in  the  slightest  degree  oy  lignt-stimuli 
when  the  thermal  effect  of  the  latter  is  excluded.  But  recently 
an  observation  has  been  made,  which  deserves  great  attention 
in  considering  the  question  as  to  the  irritability  to  light  of  such 
cells  as  hitherto  have  been  regarded  as  insensitive. 

The  development  of  modem  electrical  technique  has  revealed 
methods  of  producing  electric  light  of  very  enormous  power,  which 
surpasses  sunlight  in    intensity,  and  which   is  not  sufficiently 
described  by  the  common  word  "dazzling."  The  term  "destructive 
or  "  destructively  luminous "  should  be  applied  to  it ;  for  in  the 
electric  works,  where  labourers  are  exposed  to  such  liffht,  it  has  often 
been  observed  that  the  skin  of  these  persons  exnibits  jgenuine 
phenomena  of  necrosis  in  the  imcovered  parts  of  the  body.    Tne  cells 
(jf  the  epidennis  die,  the  upper  layers  of  the  skin  scale  off,  and  the 
lower  layers  show  signs  of  intense  inflammation  and  ulcerations 
like  burns.     It  is  not  the  thermal  effects  of  the  light  that  are 
shown  in  these  phenomena,  but  the  chemical  effects  of  those  rays  of 
the  spectrum  that  have  a  short  wave-length ;  this  can  be  determined 
by  inserting  media  that  absorb  the  heat.     Hence  there  can  be  no 
doubt  that  wo  have  to  do  here  with  very  strong  photic  effects  upon 
cells  whose  living  substance  is  affected  only  in  very  slight  measure 
by  the  intensity  of  the  light-rays  that  under  usual  circumstances 
come  to  the  earth's  surface. 

This  fact  is  worth  consideration,  for  it  raises  the  question 
whether  cell-forms  whose  living  substance  has  been  regarded  as 
wholly  insensitive  to  light  of  the  usual  grades  of  intensity  do  not 
react  to])h()tic  stimuli  of  greater  intensities,  and,  moreover,  whether 
all  living  substance,  just  as  it  reacts  to  heat,  is  not  also  influenced 
by  light,  its  different  varieties  responding  to  different  intensities. 
This  possibility  niust  certainly  be  weighed.  Yet,  so  long  as 
conclusive  experiments  upon  this  point  are  wanting — and  such  can 
be  carried  out  with  little  difficulty  and  in  a  short  time  in  a  large 
electrical  establishment — we  must  hold  to  the  facts  as  stated 
above. 

Absolute  darkness  can  best  be  considered  as  the  indifferent 
point,  i.e..  that  point  of  intensity  at  which  light  exerts  no  stimu- 
lating effect.  Beyond  this  point  with  increasing  intensity  the 
stimulating  effect  begins. 
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a.  The  rhenometia  of  Excitation 

The  whole  organic  world  of  to-day  is  directly  dependent  upon 
the  metabolic  action  of  light.  The  old  philosophers  of  nature,  as  has 
been  seen,  characterised  animals,  in  a  certain  sense  not  incorrectly, 
as  parasites  upon  plants.  It  is  true  that  camivora  nourish 
themselves  upon  animal  substances  ;  but  this  animal  food  is  derived 
from  herbivora,  and  thus  the  camivora  also  are  thrown  back  upon 
the  plants.  But  plants  cannot  exist  without  the  influence  of 
light.  The  sun's  rays  give  the  stimulus  that  causes  the  chlorophyll 
bodies  of  the  plant-cells  to  decompose  the  carbonic  acid  of  the  air 
into  carbon  and  oxygen,  and  from  the  carbon,  with  the  water  taken 
in  through  the  roots,  to  produce  synthetically  the  first  organic 
substance,  the  first  product  of  assimilation,  starch.  Further,  the 
sun's  rays  also  give  the  impulse  to  the  production  of  the  green 
chlorophyll  colouring-matter  itself;  this  follows  from  the  fact  that 
plant  seeds,  sprouting  in  the  dark,  produce  a  white  or  bright-yellow 
plant,  which  grows  for  a  time  at  the  expense  of  the  reserve- 
substances  stored  up  in  the  plant  seed,  but  which  becomes  green 
only  when  exposed  to  the  light.  Only  after  it  becomes  green  is 
the  plant  able  to  decompose  carbonic  acid  and  form  starch.  Thus, 
the  fii"st  organic  product,  from  which  all  other  organic  substance  is 
derived,  originates  from  the  action  of  the  photic  stimulus  of  the 
sun's  rays. 

This  assimilatory  action  of  sunlight  does  not  belong  to  all  light- 
rays  in  equal  measure.  As  has  already  been  seen,^  with  equal 
intensities  the  red  rays  have  the  strongest  action. 

As  regards  most  of  the  objectively  perceptible  effects  of  light 
upon  the  retinal  cells  in  the  eyes  of  man  and  of  animals,  so  far  it 
is  uncertain  whether  they  depend  upon  the  direct  stimulation 
of  the  cells  in  question,  or  upon  reflex  stimulation  through  the 
central  nervous  system.  Nevertheless,  metabolic  effects  must  be 
present  in  the  retinal  cells,  since  their  results  in  the  central  nervous 
system,  to  which  the  excitation  is  transmitted  through  the  optic 
nerves,  we  subjectively  feel  as  colours,  and  objectively  recognise  in 
other  men  or  animals  in  the  movements  that  are  called  out  by 
photic  stimulation  through  the  mediation  of  the  central  nervous 
system. 

As  regards  the  excitation -effects  of  light  upon  form-changes, 
thus  far  nothing  is  known. 

Numerous  effects  upon  changes  of  energy,  especially  in  motile 
phenomena,  have  been  recognised. 

In  certain  fresh-water  ponds  there  is  found  concealed  between 
mud  and  sand,  in  almost  total  darkness,  an  awkward,  sluggish, 
amoeba-like  rhizopod,  Pelomyxa.     The  lumpy,  naked  protoplasmic 
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light  again  acts  upon  it,  its  motion  begins  anew,  and  Engelmatm 
was  able  to  dptermine  by  means  of  a  spectral  apparatus  that  it  is 
the  rays  of  the  orange  and  the  ultra-red  which  especially  exert  this 
stimulating  eflect  upon  its  motion. 

Isolated  examples  of  the  excitation  of  ciliary  motion  by  light 
(xxiur  among  the  ciliate  Infvsoria,  which  in  general  thus  fiir  have 
shown  themselves  not  irritable  to  light.  In  another  connection ' 
we  have  become  acquainted  with  Pleurtmema  chrysalis  (Fig,  186), 
which  in  the  undisturbed  condition  lies  still  in  the  water  without 
moving  its  long,  leaping  cilia,  and  only  from  time  to  time  makes  a 
quick  spring  by  a  sudden  stroke  of  the  latter.     If  these  small 
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Infusoria,  which  as  a  rule  are  observed  in  great  quantity  toother, 
are  lying  still  upon  the  slide  in  one  spot,  in  ordinary  daylight  a 
leaping  movement  can  be  induced  in  them  by  removing  the  screen 
over  the  mirror  of  the  microscope,  and  the  motion  is  repeated  fre- 
quently, when  the  screen  is  not  shoved  in  again.*  The  ciliated  cells 
jump  about  wildly  like  a  crowd  of  excited  fleas,  until  they  are 
again  shaded.  The  motion  of  the  cilia  does  not  begin  at  the  exact 
moment  at  which  the  light  strikes  them  but  only  after  a  latent 
period,  which  continues  for  about  1 — 2  seconds.  By  the  insertion 
between  the  source  of  light  and  the  stage  of  the  microscope  of 
coloured  glasses  and  liquids,  the  penetrability  of  which  to  waves  of 
definite  wave-lengths  has  previously  been  established  apectroacopic- 
'  Cf.  p.  383.  =  C/.  Verwom  ('89,  I  ;  appendix). 
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ally  (Fig.  187),  it  can  easily  be  demonstrated  thai  this  j 
movement  is  not  a  thermal  effect  of  light,  but  is  caused  ch 
the  blue  and  violet  rays,  and,  therefore,  the  rays  that  a 
efifective  thermally.  The  same  effect  can  be  produced  by  he 
but  ordinary  daylight  is  not  sufficient  for  this ;  it  requires  ( 
of  considerable  intensity,  such  ae  can  be  obtained  by  the  coi 
tion  of  direct  sunlight  by  means  of  a  concave  mirror. 

As  regards  the  motion  of  cross-striated  muscles,  no  inst 
thus  far  known  in  which  light  has  exerted  an  influence  upon 
certainty.  Nevertheless,  some  time  ago  Steinach  ('92) 
that  certain  smooth  muscle-fibres  can  be  made  to  contract  ■ 
stimuli.  In  fishes  aud  Amphibia  the  sphincter  iridis,  a 
which  in  contraction  narrows  the  pupil  of  the  eye,  is,  as  S 
found,  composed  of  smooth  muscle-nbres  which  contain  a 
pigment.     These  fibres  are  stimulated  by  light  directly,  witl 


mediation  of  the  central  nervous  system ;  this  is  proreq 
fact  that  even  the  excised  muscle  can  by  illumination  be  n 
contract. 

Just  as  in  many  cases  con  traction -movements  are  caused  b 
the  peculiar  motion  of  the  Diatotneir  can  be  influenced  in  a 
sense  by  the  same  stimulus.  As  Engelmam]  ('82)  has'foiu 
ceases  when  the  organisms  are  put  into  a  dark  chai 
oxygen  is  excluded.  But  it  immediately  begins  again,  v 
is  allowed  to  act  upon  them.  This  phenomenon,  as  El^ 
showed,  is  due  to  the  fact  that,  with  the  exclusion  of  oxyg 
oxygen  necessary  to  the  motion  of  the  Duttoinea  is  soon  con 
If  the  latter  be  put  into  darkness,  their  movements  immc 
cease :  if  they  be  brought  into  the  tight,  they  split  up  cy 
iicid  into  carbon  and  oxygen,  by  means  of  their  yellow  oui 
iriatter,  which  is  allied  to  chlorophyll,  and  in  this  manner  thq 
jiroduce  the  oxygen  that  is  necessaiy  to  their  movementfl,j^ 
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h.     The  Fhenovierui  of  Bepressi&n 

While  light,  at  least  in  its  ordinary  intensity,  is,  according  to 
experiments  thus  far,  not  a  general  excitant  of  living  substance, 
it  u  still  less  a  depressant.  The  few  depressing  effects  of  light 
that  have  been  reported  must  be  received  as  such  with  great 
caution ;  they  have  been  little  investigated  and  their  suggested  in- 
terraetation  is  extremely  doubtful. 

The  phenomenon,  e.g.,  that  the  growth  of  plants  in  the  light  is  less 
than  in  the  dark  might  bere^rded  as  a  phenomenon  of  depression; 
it  might  be  imagined  that  light  directly  inhibits  certain  metabolic 
processes  that  are  necessary  to  growth.  But  the  growth  of  plants 
18  a  very  complicated  phenomenon,  one  in  which  many  different 
&ctoi8  play  a  rdle,  and,  as  Sachs  ^  has  already  emphasised,  at 
DRflentit  is  impossible  to  judge  how  far  light  as  such  has  a  share 
ID  its  oocnrrence. 

Another  depressing  effect  of  light  might  be  sought  in  the 
ilbBDoeiof  the  latter  upon  the  production  of  light  by  many 
llMOKmsnarine  animals.  For  example,  the  statement  has  often  been 
d|0B'that  pelagic  animals,  such  as  Ctcjiophora  and  t^iphmophora, 
faroueht  from  the  light  into  the  dark,  do  not  emit  light,  and 
afker  they  have  remamed  in  the  dark  for  some  time  can  they 
by  stimuli  to  do  so,  at  first  feebly  and  later  more  strongly. 
of  producing  light  in  these  organisms  appears,  there- 
to be  depressed  by  the  influence  of  light,  and  since  the 
Noetiluccc  are  said  to  behave  similarly,  it  should  not 
Wmamed  that  the  phenomenon  depends  upon  a  secondary  effect 
of  fight,  mediated  by  the  sense-organs  and  the  central  nervous 
systm.  But  the  matter  is  very  uncertain,  for,  although  the  doubt- 
ful phenomenon  has  been  observed  by  several  persons,  thus  far  it 
has  never  been  investigated. 

Little  more  is  known  of  the  depressing  effects  of  light,  and  the 
question  whether  light  is  able  to  call  out  phenomena  of  depression 
at  all  must  remain  for  the  present  undecided. 

5.    The  Actions  of  Electrical  Stimuli 

In  many  respects  the  electrical  stimulus  stands  in  peculiar  con- 
trast to  other  stimuli.  In  nature  it  comes  into  contact  with  living 
organisms  only  in  exceptional  cases ;  this  is  true  also  of  many 
chemical  stimuli  but  of  no  others.  Nevertheless,  it  possesses 
many  properties  that  make  its  employment  upon  living  substance 
especially  easy  and  convenient.  It  can  be  graded  in  intensity 
more  conveniently  than  any  other  and  with  a  fineness  that  answers 
the  highest  requirements.  Further,  its  employment  can  be  limited  in 
t«aein  any  desired  manner.     These  great  advantages,  which  have 
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pole,  or,  as  it  is  also  said  in  order  to  express  in  words  the  direction 
of  the  current,  ttie  eopptfi'  ( + )  is  tlie  aiwde,  the  zinc  ( — )  the 
JtaAode, 

This  primitive  fomi  of  galvanic  element,  upon  which,  slightly 
modified,  is  based  the  very  powerful  chromic  acid  dip-element  in 
wliich  carbon  and  zinc  dip  into  dilute  chromic  acid,  has  proved 
for  zoany  purposes  unserviceable.     If  the  circuit  be  kept  closed 
for  a  considerable  time,  i,e,,  if  the  metallic  union  between  the  two 
ends  of  the  metals  be  not  interrupted,  or,  as  is  said,  the  current 
be  not "  broken,"  it  is  found  that  the  current  is  not  so  strong  as  at 
the  beginning.    This  depends  upon  the  fact  that  certain  substances, 
the  so-called  polarisation-prodiccts,  have  be- 
come formed  by  electrolytic  decomposition, 
have  accumulated  at   the  two  ends  of  the 
metals  within  the   liquid,   and   by  contact 

with  the  liquid  give  rise  themselves  to   a 

galvanic  current,  which   is  opposed  to  the 

original  current    and,   therefore,   gradually 

weakens  it.   In  order  to  prevent  the  appear- 
ance of  this  polarisation-current   and  thus 

to  maintain   the   intensity  of  the  original 

cnnentas  constant  as  possible,  the  expedient 

has  been  employed  of  dipping  the  two  metals 

into  different  liquids,  which  are  separated 

firom  one  another  by  a  porous  partition-wall 

of  clay,  and  are  so  constituted  that  they 

destroy  the   efficiency  of  the   polarisation- 
products  at  the  very  moment  of  their  aj)pear- 

anoe.     Hence  a  polarisation-current  cannot 

develop,  and  the  electromotive  force  of  the 
element  remains  constant.      Such  constant 
eimerUs  are  in  use  in  various  forms.     The 
best-known  forms  and   those  that  are  em- 
rioyed   most    in    physiology    are    that    of 
Daniell,  in  which  zinc  dips  into  dilute  sul- 
phuric acid,  and  copper  into  a  concentrated  solution   of  copper 
sulphate;  that  of  Bunsen  (Fig.   189),  in    which   zinc   dips   into 
dilute  sulphuric  acid,  and  carbon  into  concentrated  nitric  acid ; 
and  that  of  Grove,  in  which  zinc  dij)s  into  dilute  sulphuric  acid, 
and  platinum  into  concentrated  nitric  acid.     In  all,  the  free  zinc 
pole  IS  the  kathode. 

These  galvanic  elements  are  sources  of  electricity ;  from  them 
at  any  moment  a  galvanic  current  can  be  led  off  very  conveniently 
wherever  desired.  In  order  to  stimulate  galvanically  a  living 
object,  e.^.,  a  nerve-muscle  preparation  of  a  frog,  it  is  necessary 

simply  to  cut  the  wire  that  joins  the  two  metals  (»f  an  element 

^d  insert  the  preparation  between  its  ends;   the  current  then 


Fio.  189.— BunHCu'8  clement. 
The  carbon  plitte(+)HtandH 
in  a  clay  cylinder  contain- 
ing concentmte<l  nitric  aci<l. 
The  cylindrical  2inc  plate 
(-)  surruundH  the  clay 
cylinder,  and  standf)  in  a 
veflHcl  containing  dilute  siil- 
phuric  acid. 
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flows  through  the  preparation  (Fig.  190,  /).  But,  in  order  to  be 
able  at  any  moment  conveniently  to  interrupt  the  circuit  and 
again  to  close  it  and  thus  to  control  arbitrorily  the  influence  of 
the  stimulus  upon  the  preparation,  there  is  inserted  into  one  wire 
a  so-called  galvanic  key,  which  consists  of  a  cup  set  into  a  plate  of 
insulating  hard  rubber  and  containing  mercury  into  which  one 
end  of  the  wire  dips,  while  the  other  is  in  metallic  connection 
with  a  small  lever ;  at  any  moment  the  lever  can  be  dipped  into 
the  mercury  or  withdrawn,  so  that  the  metallic  conduction  can  be 
established  and  again  interrupted,  or,  in  other  words,  the  current 
can  be  made  and  broken  (Fig.  190,  //). 

When  currents  are  allowed  to  act  on  the  preparation  for  a 
considerable  time  the  metallic  wires  themselves  should  not  be 


■xIJ^ 


N 


Fu;.  I'.M).— /,  (."ircuit  iMitweon  the  eloinciit  E  and  the  nerve  JV  of  a  norvc-miiflclo  prcpiuratlon  ;  in 

the  circuit  in  the  key  S.  //,  Mercury  key. 

laid  as  cloctrodes  on  the  nerve,  the  muscle  or  other  tissue,  since 
at  the  place  of  contact  of  the  metal  with  the  preparation,  which 
latter  is  a  moist  conductor,  opportunity  would  be  given  for  the 
(lovelopment  of  polarisation-currents,  which  would  themselves 
stimulate  the  pre|)aration  and  thus  disturb  the  experiment.  In 
onler  to  avoid  this,  so-called  non-polarimhle  electrodes  have  been 
eonstnu'ted,  which  allow  no  polarisation-current  to  develop  at  the 
place  of  contact  with  the  preparation.^  These  non-polarisable 
olectnxles  consist  in  their  most  convenient  form  of  a  short  glass 
tube,  closed  below  by  a  stopper  of  plastic  clay,  into  which  a  short 
soft  eami'l's-hair  brush  projects;  the  lumen  of  the  tube  is  filled 
with  a  concentrated  solution  of  zinc  sulphate,  into  which  dips  a 
zinc  nwJ  conn(»cted  with  the  conducting  wire  (Fig.  191).  The 
electrodes  are  held  in  adjustable  stands  and  can  be  handled  with 
t^xtrenie  ease,  the  pointed  bnishcs  beting  laid  upon  the  preparation. 
After   having   become    acquainted   with   a   reliable   source   of 
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electricity  in  the  galvanic  element,  it  is  necessary  to  graduate 
finely  and  in  any  way  desired  the  intensity  of  the  current.  For 
this  purpose  we  must  consider  somewhat  fully  the  fundamental 
law  which  formulates  the  facts  regarding  the  intensity  of  elec- 
tricity. This  is  Ohm's  law;  it  may  be  stated  as  follows:  tfie 
strength  of  a   cuiTent  is  directly  proportional  to  the  electromotive 

force,  and  inversely  proportional  to  the  resistances:  /=  — 

W 
The  electromotive  force  depends  upon  the  kind  and  number  of  the 
elements.     Many  elements  have  only  slight  electromotive  tension, 
others  very  high  tension  ;  and  if  two  or  more  elements  be  coupled 
together    so    that    unlike 
poles  are  joined  with  one 
another,  the  current  is  con- 
siderably   stronger    than 
that  afforded  by  a  single 
element.       According     to 
Ohm's  law,  the  chief  means 
of  strengthening  or  weak- 
ening the  intensity  /  of  a 
current  consists  in  increas- 
ing   or    diminishing    the 
number  of  the   elements, 
for    thereby   the    electro- 
motive force  £  is  increased 
or   diminished.     But   this 
graduation  by  change   of 
the  electromotive  force  is 
very  crude  and  does  not 
allow  delicate  changes  to 
be   made.      Hence,  where 
finer  graduations  are   re- 
quired, the  second   factor 
upon  which,  according  to 
Onm's  law,  the   intensity 
depends,      is      employed, 

namely,  the  resistances  W,  The  resistances  are  of  two  kinds  :  on 
the  one  hand,  internal  resistance,  that  which  exists  in  the  element 
itself,  especially  in  the  liquid,  which  is  a  moist  and,  therefore,  a  bad 
conductor  of  electricity;  on  the  other  hand,  external  resistance, 
which  exists  outside  the  element  in  the  kind,  the  length,  and  the 
diameter  of  the  conductor.  The  latter  especially  can  be  graduated 
very  delicately. 

Metals  are  good  conductors,  and  for  this  reason  metallic  wires,  and 
best  copper  wires,  are  always  selected  as  conductors  outside  the  ele- 
ment. Their  resistance  is  less,  the  shorter  the  conduction  and  the 
greater  their  cross-section.     A  very  ready  means  of  increasing  the 


Fig.  191. — A  non-polariaable  electrode.     A  glass  tube 


closed  by  a  stopper  of  clav  and  filled  with  a  concen- 
trated solution  of  zinc  sulpoate  is  held  in  the  movable 
stand.    A  moist  camel's-nalr  brush  sticks  into  the 


clay  stopper,  and  a  zinc  rod,  to  which  the  wire  is 
carried,  dips  into  the  solution.  The  nerve  of  the  pre- 
paration ,  is  laid  over  the  brushes  of  two  such  d 
trodes. 
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n'eus^iaiuv  aiid  thereby  diminishing  the  intensity  of  the  eunent  by 
MiY  dt'^ivd  amount  is  that  of  len^hening  the  conducting  wire  and 
usin^  wiros  that  have  a  small  cross-section. 

r^Hun  these  fiau^ts  is  based  a  principle  which  comes  into  general 
lui^'  in  ap(¥fUfHtus  that  is  employed  for  graduating  the  intensity  of 
tht'  ounvnt,  viz.,  the  principle  of  the  cuxessory  or  shofi  circuit.  If, 
«vy..  A  circuit  firom  an  element  X  (Fig.  192,  1)  extend  through 
\x^P(vr  wires  to  a  preparation  N,  a  galvanic  current  of  a  definite 
intensity,  which  can  easily  be  measured,  flows  through  the 
(iw^^ration,  although  the  latter  as  a  moist  conductor  affords 
ivusidonible  resistance.  But,  if  into  this  circuit  a  short  circuit  be 
intixHhuHHi  by  joining  two  ophite  points  of  the  metallic 
ixuuiuetor  by  means  of  a  cross-wire,  a  small  circuit  is  made  to 
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1  i''v  ■.^»M^  %'i«v\itt.    /.  A  nimple  circuit;  //,  long  circuit  with  short  circuit. 
I   ,  '■.  I.',,  l^^  .   .N.  »»»'rvv  iMUwlo  ]irt'|Miratioii ;  A^  B,  short  circuit. 

•'{  'i\^»M  [\\\'  huijc  ono  :  in  the  former  the  resistance  is  con- 

k  \..-.  \\\i\\\  \\\  \\w  lattor,  since  its  conductors  are  metallic 

,  •  \\\  \\\  \\\\^\^  in  the  hitter.     The  result  is,  as  Ohms  law 

.vs  Nn '.  \\\i\X  \\\  \\\v  long  circuit  a  current  of  slight  inten- 

wlush    IS    so    fivole    that    under    certain    circum- 

*•*.  iu»  \'rt\vi   whatever  upon  the  preparation,  while  in 

mnuh    thx^iA^  is  H   current   of  considerable   intensity. 

'',  \'ux  v'uvuit,  in  which  the  preparation  is,  there  are 

»v  11,      \-i   \\\w\\s\X\ :    with   the   short   circuit   broken,    a 

vumnoi    aiul   with  the  short  circuit  closed,  a  very 

X  Ml        K»\v»u    the  latter   extreme    to   the   former   the 

u.  li,   x;i«^\(t(;iu^i  vorv  dt»licately  by  successively  increas- 

.  lu,  V   \\\  \\\\^  ac^Hsssorv  circuit,  until  it  becomes  so 

■i     .  Ms  un    N.uxllv  conducts  at  all.     Then  nearly  the 

\hi\»uj;h  the  large  circuit  and  the  preparation. 
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Du  Bois-Reymond  employed  the  principle  of  the  accessory  circuit 

in  his  rheochoiti,  an  apparatus  that  serves  to  increase  the  intensity 
in  the  circuit  of  a  preparation  as  desired,  by  shunting  definitely 
measured  resistances  into  an  accessory  circuit.  For  resistances 
fine  wires  of  definite  length  are  employed,  which  can  be  intro- 
duced one  by  one  into  the  accessory  circuit.  The  apparatus 
(Fig.  193)  consists  in  its  essential  parts  of  a  thick  bar  of  brass,  the 
continuity  of  which  is  broken  at  definite  distances  so  that  it  is 
really  a  series  of  separate  metal  blocks,  which,  however,  can  be 
joined  into  a  single  oar  by  the  introduction  of  metallic  connecting 
[lieces.  Each  of  these  brass  blocks 
is  joined  to  the  adjacent  block  by  a 
very  thin  conducting  wire  of  a 
definite  length,  and  upon  the  wire 
that  joins  the  first  two  blocks  a 
metallic  slide  can  be  shoved  to  and 
fro,  so  that  the  wire  can  be  shortened 
or  wholly  cut  out  by  shoving  up  the 
slide.  This  whole  apparatus  is  in- 
serted as  an  accessory  circuit  into 
the  circuit  of  the  preparation  in  such 
a  way  that  the  two  wire  poles  lead 
from  the  source  of  the  current  to  the 
brass  bar,  and  from  there  two  other 
wires  lead  to  the  preparation.  If, 
now,  all  the  connecting  plugs  of  the 
metal  blocks  are  inserted  oetween 
the  blocks,  so  that  the  brass  bar  is 
continuous,  the  condition  that  is  re- 
jtresented  in  Fig.  1 92,  //  is  obtained. 
A  strong  current  passes  through 
the  short  circuit,  because  there  is 
little  resistance  there,  while  through 
(he  long  circuit  a  very  feeble  current 
Hows,  because  there  the  preparation 
afibrds  considerable  resistance.  But 
the  weak  current  going  through  the 

i,-ircuit  of  the  preparation  can  be  strengthened  very  conveniently  by 
increasing  the  resistances  in  the  short  circuit,  and  this  is  accomplished 
by  shoving  down  the  slide,  farther  and  farther,  so  that  the  current 
must  pass  through  a  constantly  greater  stretch  of  the  first  wire  of 
the  rheochord,  the  distance  being  measured  upon  a  scale.  The 
resistances  can  be  strengthened  still  more  by  removing  one  by  one 
the  connecting  plugs  between  the  metal  blocks.  The  result  is 
that  finally  the  current  in  the  short  circuit  must  traverse  all  the 
wires  of  the  rheochord,  which  with  their  fineness  and  length  form 
a    very   considn-iible   resistance.      But   the   more  the  resistances 

^L  li^  —^. 
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•I  :he  short  circuit,  the  more  does  the^urrent  that  passes 
>t<Mi^!i    ne  .rircuit  of  the  preparation  increase  in  intensity,  and, 
.iKv    iit  resistances  are  measured  exactly,  the  intensity  of  the 
L.oi    uitvut  oan  be  graduated  very  delicately. 

-*^!lt«L;^ .  -ve  must  consider  the  methods  of  allowing  a  current  of 
.^  .i:^  iii:w^  tuRftcion  to  act  upon  the  preparation,  and  of  producing 
..•ti;i>  :■(  Tiiouientary  duration  in  rapid  rhythmic  succession. 
•^r.-^v   ..-  vt^-sented  by  the  phenomena  of  indi«rfi(w. 

•    *    .vlV.^twireaiein  the  same  vicinity  but  not  in  contact  with 

A     .V    >  r  Aad  if  A  constant  current  be  allowed  to  flow  throueh 

V    >v-x^AlUx^  primary  coil  (Fig.  194),  at  the  moment  of  the 

s^,,s  {.vimar)'  current  there  appears  a  current  in  the 

N    >«t>iiaciry   coiL      This  induced    current  is    of   very 

.  -v.;,  ii .  ::  exists  at  the  moment  of  making  the  primary 

.    .     'Is,   hs»(H>ears  at  once.     So  long  as  the  primary  current 

^>5^^     •  \v«j;rt  uto  priiuarj'  coil,  not   the  slightest  current  is 
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.. -vx^i  oi-.rtvut.     I,  l*rimftry  coil:   E,  element;   S,  key.     II,  Secondary 
ivll :   aV,  pnjiNiratioii. 

xrvN'udurv   coil  :     but   a   brit.»f   induced   current 

'v  siwndary  coil  as  soon  as  the  primary  current 

.  V  i:^  mduotMi  current  appears  only  at  the  moments 

>;\\^ki«ir   the   primar}'    current.     The    making 

V  >o\\\^vor.  in  certain  respects  essentially  different 

.^    vviuiHHl  current.     While  the  direction  of  the 

.•  :h:U  of  the  primary  current,  the  breaking 

\vx  *,ho  sune  direction  as  the  latter.     This  fact  is 

,AXVAins  at  the  same  time  another  difference 

V   ,c  *J^»*^  bn^aking  shocks.     If  the  current  in  the 

.  ,*.^\  ;t  induces  at  the  time  of  its  appearance  not 

.  x-.c*\  vvil.  but  also  in  the  turns  of  its  own  coil,  a 

'\n\viite    direction ;    and     this     extra    current. 

. .",  ^^  it   hinders  the   increase  of  the  primary 

*    or  has  n»ached  its  gi'catest  intensity,  when 

,\\%>os.     The  case  is  diti'eront  at  the  breaking 

■ :  ^^r  the  extra  current  that  then  appears  in  the 

X  ,Nvil,  has  the  same  direction  as  the  primary 
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current.  Hence,  an  essential  difference  between  the  making  and 
the  breaking  induction-shocks  is  observed  in  the  secondary  coil, 
since  with  the  former,  on  account  of  the  slow  increase  of  the 
primary  current,  the  electric  tension  is  more  gradually  equalised 
than  with  the  breaking  shock,  where  the  equalisation  takes  place 
V  ery  suddenly.  If,  therefore,  we  wish  to  let  a  very  sudden  current 
act  upon  a  living  object,  we  employ  exclusively  the  breaking  in- 
duction-shock. The  intensity  of  the  induction-shocks  may  be 
graduated  by  the  distance  that  is  allowed  between  the  primary 
and  the  secondary  coils.  The  intensity  is  less  with  greater 
distance,  greater  with  smaller  distance,  and  greatest  when  the 
secondary  coil,  which  is  always  made  somewhat  the  larger,  is 
shoved  completely  over  the  primary. 

The  sledge-indtcctorium  of  du  Bois-Rejrmond,  which  is  one  of 
the  most  essential  of  all  pieces  of  physiological  apparatus,  is 
constructed,  in  accordance  with  the  above  principles,  for  the  pro- 


KiG.  195. — Neef'a  or  Wagner's  hammer. 


duction  of  induced  currents  ;  in  it  the  secondary  coil  slides  upon  a 
sledge-like  track  (Fig.  196).  It  is  arranged  also  to  produce  single 
induction-shocks  rapidly  and  rh)rthmically.  The  contrivance  that 
makes  this  possible  is  the  Neef  or  Wagner  hammer  (Fig.  195), 
which  is  based  upon  the  following  principle.  As  is  well  known, 
the  galvanic  current  has  the  peculiarity  of  transforming  into  a 
magnet  a  piece  of  soft  iron,  around  which  it  flows,  as  long  as  the 
circuit  remains  closed.  If  the  current  be  broken,  the  magnetism 
disappears.  In  Neef  s  hammer  there  is  a  brass  column  Sy  whicli 
bears  a  straight  spring.  This  spring,  to  the  free  end  of  which 
is  fastened  a  small  hammer  of  soft  iron,  in  its  resting  position 
touches  an  adjustable  screw  T',  which  is  in  connection  with  a  wire  F ; 
the  wire  forms  a  coil  about  a  soft  iron  rod  which  stands  upright 
under  the  hammer,  and  ends  in  a  second  small  brass  column.  The 
two  brass  columns  bear  screws  to  hold  the  conducting  wires  coming 
from  the  element  E.  If  the  current  of  the  element  be  made,  the 
following  happens :  the  current  enters  through  the  brass  column  S, 
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posses  through  the  spring  into  the  screw  T,  through  the  coil  P, 
ivbout  the  iron  rod,  into  the  second  smaller  brass  column,  and  then 
returns  to  the  element.  The  result  is  that  the  soft  iron  rod  beconiee 
magnetic  and  attracts  the  hammer  that  is  suspended  above  it. 
Thereby  thfcontact  of  the  spring  with  the  screw  r  is  broken.  By  the 
breaking  of  this  contact,  however,  the  current  is  broken,  the  mag- 
netism in  the  soft  iron  rod  consequently  ceases,  and  the  hammer 
springs  up  by  reason  of  the  tension  of  the  spring.  As  a  result  of 
this  the  spring  again  touches  the  screw  T,  and  the  current  is  made 
again.  By  this  ingenious  contrivance,  as  long  aa  the  element 
remains  in  the  circuit,  the  current  is  continually  made  and  broken 
in   rapid  rhythmic  succession.      In  du    Bois-Beymond's   sledge- 


apparatus  (Fig.  196)  such  a  hammer  is  inserted  into  the  primaiy 
circuit,  and  by  its  play  there  occurs  in  the  secondary  circuit  for 
every  opening  and  every  closing  an  induction-shock  ;  thus  a  rapid 
succession  of  shocks  takes  place.  When  sent  through  living  sub- 
stance, those  act  as  rapid  intermittent  stimuli  and  produce  a  tetanus. 

For  the  construction  of  most  of  these  pieces  of  apparatus  we 
aie  indebted  to  the  inventive  genius  of  du  Bois-Reymond  alone, 
who  has  created  a  method  that  has  become,  and  will  remain,  in- 
dispensable in  many  fields  of  physiology. 

We  will  now  pass  from  this  excursus  regarding  the  technique 
of  galvanic  stimulation  to  the  effects  that  the  galvanic  stimuluB 
exerts  upon  living  substance. 


«.    The  I'henriinenn  of  Exciiiition 

It  is  a  notewiirthy  fact  that,  although  electrical  stimulation  is 
one  of  the  most  common  methods  in  use  in  physiology,  it  has 
been  employed  almost  exclusively  upon  the  nerve-  and  tho 
muscle-fibre,  and  only  occasionally  upon   plant-cells  and  unicel- 
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hilar  organisms.  This  fiewjt  is  associated  with  the  one-sided 
development  of  physiology  as  the  science  of  the  organs  of  verte- 
brates. If  experiment  be  limited  to  the  organs  of  the  higher 
animal  body,  where  almost  all  tissues  depend  upon  the  nervous 
.system,  stimulation  of  the  tissues  may  be  indirect,  through  the 
nerves  supplying  them ;  in  most  cases  it  is  necessarily  so,  since  the 
extremely  finely  branched  nerve-fibres  lying  between  the  tissue- 
cells  can  be  excluded  with  difficulty.  Methods  of  excluding 
completely  the  influence  of  the  nervous  system  are  known  only 
in  the  case  of  muscle,  by  means  of  the  very  remarkable  arrow- 
poison  of  the  Mexican  Indians,  curare.  The  cells  of  gland-tissue, 
mucous  membranes,  connective  tissue,  etc.,  cannot  be  freed  from 
the  influence  of  the  nerves  supplying  them,  and  hence,  if  an 
electric  current  is  allowed  to  act  upon  them,  because  of  the 
much  greater  irritability  of  the  nerve-fibres  there  is  always  ob- 
tained not  a  direct  stimulation  of  the  tissue-cells  alone,  but  a 
simultaneous  stimulation  of  the  nerve-fibres  which  transmit  their 
own  excitation  to  the  gland-cell,  the  connective  tissue-cell,  etc. 
In  order  to  put  a  tissue  into  activity  by  stimulation,  it  is  of  course 
ijufficient,  and  it  is  very  convenient,  to  stimulate  it  indirectly 
through  its  nerves ;  but  the  effect  of  a  direct  stimulation  of  the 
tissue  itself  cannot  thus  be  studied.  It  follows  that  all  the  in- 
numerable experiments  with  electrical  stimulation  upon  the 
vertebrate  body  have  to  do  almost  exclusively  with  stimulation 
of  nerve  or  muscle. 

This  fact  has  led  to  many  erroneous  ideas  regarding  the 
excitation-effects  of  galvanic  stimulation.  When  attention  was 
confined  chiefly  to  the  stimulation  of  muscle,  whether  directly  or 
indirectly  through  the  nerve,  it  was  customary  to  consider  con- 
traction as  the  expression  of  excitation  in  the  muscle.  This  was 
undoubtedly  correct.  But  the  more  or  less  manifest  thought  was 
incorrect,  that  excitation  exists  only  where  contraction  appears, 
<ind  that  no  excitation  is  present  where  there  is  no  contraction. 
This  view  has  led  to  very  man^  errors,  many  of  which  are  not  yet 
corrected.  Thus,  the  idea  is  still  maintained  by  many  physiologists, 
that  only  variations  in  intensity  of  the  galvanic  current  act  to 
stimulate,  and  only  these  when  they  occur  with  a  certain  rapidity ; 
i.e.,  that  only  an  increase  or  diminution  in  the  strength  of  the 
current,  taking  place  at  a  certain  rate,  produces  reactions,  and 
not  a  current  continued  with  a  constant  intensity,  or  one  that  is 
very  gradually  increased  or  decreased.  It  was  believed  that  this 
<;onclusion  could  be  drawn  from  the  following  facts. 

If  a  constant  current  be  allowed  to  flow  through  a  muscle  or  its 
nerve,  the  muscle  contracts  only  at  the  moment  of  making,  when, 
therefore,  the  intensity  of  the  current  suddenly  increases;  it 
expands  again  immediately,  remains  extended  during  the  whole 
duration  of  the  current,  and  at  the  moment  of  breaking,  when  the 
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intensity  suddenly  falls,  performs  a  second  contraction.  Further, 
if  a  current  so  weak  as  to  be  ineffective  be  allowed  to  flow  through 
the  preparation  and  then  its  intensity  be  gradually  increased,  it 
can  be  made  very  strong  without  the  muscle  making  the  slightest 
contraction.  But,  if  a  current  of  the  same  intensity  be  allowed  to 
act  suddenly  upon  the  preparation,  there  ia  an  energetic  con- 
traction at  the  making.  Likewise  by  induction-shocks  a  much 
stronger  contraction  is  obtained  upon  breaking,  when,  as  has  been 
seen,  the  electric  tension  is  equalised  suddenly,  than  upon  making, 
when  the  equalisation  takes  place  more  slowly.  These  and 
similar  phenomena  have  led  to  the  mistaken  idea  that  only  the 
variation  of  a  current  at  a  certain  rate  acts  as  a  stimulus,  and  not  the 
continued  constant  current,  and  there  has  been  an  inclination  to 
transfer  this  idea  to  other  varieties  of  stimuli.  This  error  is  not  un- 
natui-al  in  view  of  the  facts  that  for  a  long  time  muscle  was  the  sole 
object  employed  for  experiment,  and  contraction  represented  the 
sole  obvious  expression  of  the  excitation.  More  careful  investi- 
gation has  shown  that  during  the  continuance  of  a  constant 
current  the  muscle  goes  into  a  peculiar  condition  which  du  Bois- 
Eleymond  has  termed  dtelrotmma,  and  in  which  its  irritability 
is  peculiarly  changed.  It  has  also  been  known  for  a  long  time 
that  in  the  employment  of  somewhat  strong  currents  the  muscle 
does  not  extend  completely  after  the  making,  but  continue* 
during  the  whole  duration  of  the  current  in  a  state  of  feeble 
dosing  tetanus.  An  attempt,  involving  great  effort  and  trouble, 
has  been  made  to  interpret  this  latter  fact  otherwise,  and  also 
many  other  facts  that  favour  the  idea  that  the  muscle  can  be  in  a 
state  of  excitation  without  showing  a  sudden  twitch  or  continuous 
contraction.  If  experiments  had  not  been  limited  to  the  muscle 
or  the  nerve,  but  if  other  objects,  such  as  unicellular  organisma, 
which  express  excitation  in  a  greater  variety  of  ways,  had  been 
employed,  and  if  the  question  had  been  followed  comparatively. 
this  error,  that  stimulation  results  only  from  vanalions  in  the 
current,  and  not  from  the  current  itself,  would  evidently  have  been 
avoided. 

The  one-sided  study  of  galvanic  stimulation  in  muscle  and  nerve- 
has  led  to  another  incorrect  idea,  viz.,  the  general  law  of  polar 
excitation  of  li\-ing  substance  by  the  constant  current,  If  a  con- 
stant current  be  allowed  to  flow  through  a  living  object,  it  is 
observed  that  the  whole  stretch  passed  through  by  the  current  is 
not  stimulated  simultaneously,  but  that  the  excitation  appears 
primarily  at  the  place  of  entrance  or  out^o  of  the  current,  that  is, 
at  the  anode  or  the  kathode  ;  from  here  it  can  spread  secondarily 
over  the  whole  object  because  of  the  continuity  of  the  living  sub- 
stance. Hence  the  anode  and  the  kathode  are  the  only  places 
where  the  current  stimulates  directly;  but  under  what  circum- 
stances the  former  is  the  point  of  excitation,  and  under  what  the 
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latter,  has  been  reduced  to  a  very  definite  principle,  and  this 
principle  finds  expression  in  the  Uiw  of  polar  excitation. 

If  a  constant  current  be  sent  through  a  motor  nerve,  the  nerve 
becomes  stimulated  at  the  kathode  upon  making,  and  from  here 
the  excitation  extends  through  the  conducting  nerve  to  the  muscle^ 
which  latter  then  performs  a  contraction.  Upon  breaking  the 
current  the  excitation  of  the  nerve  takes  place  at  the  anode  and 
extends  firom  here  to  the  muscle,  so  that  the  latter  contracts.  In 
the  year  1859  Pfliiger  confirmed  this  law  of  polar  excitation 
of  the  nerve.  Its  correctness  can  be  proved  in  various  ways,  best 
by  the  following  experiment.  A  constant  current  is  allowed  to 
flow  in  different  directions  through  the  nerve  of  a  nerve-muscle 
jKepBiation,  first,  descending,  t.e.,  with  the  anode  lying  nearer  the 
central  end  of  the  nerve,  the  kathode  nearer  the  muscle,and,secondly, 
ascending,  t.e.,  with  the  anode  lying  nearer  the  muscle  and  the 
bthode  nearer  the  central  end  of  the  nerve  ;  and  both  times  the 
contraction  of  the  muscle  is  recorded  upon  the  plate  of  a  myograph.^ 
It  is  then  found  firom  the  length  of  the  latent  period  that  at 
the  making  of  the  descending  current  the  muscle  contracts  earlier 
than  at  the  making  of  the  ascending  current,  but  that  at  the 
breaking  the  relation  is  reversed  ;  the  difference  in  time  equals  the 
dontioh  of  the  process  of  transmission  of  the  stimulus  along  the 
intr^x)lar  stretch  of  nerve.  It  thus  appears  that  the  excitation  i 
upon  making  must  start  from  the  kathode,  and  upon  breaking  from  / 
the  anode.  This  law  of  polar  excitation  was  recognised  by  Bezold 
('61)  as  valid  for  cross-striated  muscle,  and  Engelmann  (70) 
showed  that  it  can  also  be  applied  to  smooth  muscle.  Later 
investigations,  especially  by  Biedennann  (79,  *83,  '84,  '85), 
aflbrded  a  number  of  new  proofs  of  its  validity.  It  was  then 
assomed  that,  like  muscle  and  nerve,  all  living  substance  is 
s^ulated  by  the  galvanic  current  at  the  kathode  upon  making, 
and  at  the  anode  upon  breaking.  But  it  has  here  been  demon- 
strated again  how  tne  one-sided  investigation  of  nerve  and  muscle 
may  lead  to  errors,  which  can  be  avoided  by  comparative  physio- 
logical research,  for  the  testing  of  other  forms  of  living  substance, 
especially  various  kinds  of  free-living  cells,  has  shown  that  a  generally 
applicable  law  of  polar  excitation  of  living  substance  does  not 
exist  Since  the  phenomena  in  question  in  unicellular  organisms 
aficHd  a  striking  example  of  the  fact  that  excitation  is  caused  not 
only  by  variations  of  current,  but  also  by  the  continued  current,  we 
will  here  consider  them  somewhat  in  detail. 

In  the  year  1864  Kiihne  made  the  peculiar  observation 
^X  Adinosphcmum  Eichhornii  (Fig.  198)  obeys  a  ver}'  different 
law  of  excitation.  But  this  discovery  remained  isolatf^l  and  un- 
noticed for  more  than  two  decades.  Only  when  certain  other 
effects  of  the  galvanic  current,   constituting  galvanotaxis.    wer<* 

1  Cy.  Fig.  154,  p.  302. 
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discovered,  was  Kiihne's  observation  recalled  and  confirmed  by 
means  of  more  complete  methods.  The  examination  of  a  long 
serieji  of  free-living  cells  followed,  all  of  which  follow  a  law  of 
polar  excitation  differing  in  various  ways  from  that  of  nerve  and 
muscle.' 

The  best  method  of  employing  galvanic  stimulation  with  non- 
polarisable  electrodes  upon  a  slide  under  the  microscope,  is  to  uae 
a  slide  (Fig.  197)  upon  which  two  strips  of  jrorous  clay,  such  as  is 
used  in  the  porous  cups  of  the  galvanic  element,  are  cemented 
parallel  to  one  another  (a,  «j) ;  the  ends  of  these  strips  are  united 
by  a  wall  of  insulating  cement  (colophonium  and  wax)  (b,  d,) ;  thus 
a  small  open  box  is  formed,  in  which  can  be  placed  a  drop  of  water 
containing  the  objects  to  be  investigated.  The  brushes  of  ordinary 
non-polarisable  electrodes  are  laid  upon  the  two  parallel  strips.  It 
is  possible  by  means  of  this  small  contrivance  to  send  nearly 
parallel  currents  through  the  microscopic  objects,  and,  at  the  same 
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time,  to  observe  the  effects  of  the  stimulation  under  the  microscope. 
If  Actinosp/uerium  be  stimulated  by  a  constant  current  in  this  way, 
when  it  has  protruded  its  pseudopodia  from  its  spherical  body, 
like  the  rays  of  the  sun,  it  is  found  that,  at  the  moment  of 
making,  phenomena  of  contraction  may  be  observed  in  the  pseudo- 

dia  that  are  extended  in  the  direction  of  the  anode  and  the 
iiode.  the  protoplasm  coming  together  into  small  globules  and 
spindles  and  streaming  toward  the  body  (Fig.  198).  The  pseudo- 
podia that  are  extended  perpendicularly  to  the  direction  of  the 
current  remain  at  rest.  Hence,  at  the  moment  of  closing  there 
is  both  an  anodic  and  a  kathodic  excitation  of  contraction. 
The  excitation  at  the  anode  is  the  stronger  of  the  two.  Through- 
out the  duration  of  the  constant  current  the  following  is  notice- 
able: At  the  kathode  after  the  making,  the  phenomena  of  excitation 
gradually  disappeai',  and  the  pseudopwlia  there  assume  their  former 
smooth  appearance,  while  upon  the  side  of  the  anode  the  excitation 
C/.  V«rworii  ('89.  2.  31. 
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Mimues  fui  long  as  the  current  reniaiiis.  This  latteris  ejqiressed  in  a 
instanl  advance  of  ihc  phenomena  of  contraction.  The  protoplasm 
ittUnilv  draws  back  from  the  anode  toward  thu  body,  and  soon 
^_ie  peii^opodia  are  wholly  drawn  in.  Then  the  contraction  is 
otiai!  upon  the  body  itself:  the  protoplasm  of  the  walls  of  the 
UQules  retracts  more  and  more  toward  the  interior,  the  vacuoles 
idlnpse,  and  the  protoplasm  itself  disintegrates  partly  into  it« 
ninulea,  This  pi-ocess  of  amalgamation  and  disintegration  con- 
inuaaaloug  as  the  current  flows,  but  gradually  decreases  in  in- 
[roatv,  Hence  there  can  be  uo  doubt  that  the  constant  current 
rtiiimialcs  throughout   its  duration.     At  the  moment  when  the 


canreot  is  broken  the  amalgamation-proceas  at  the  anode  ceases  at 

e.  A.  few  phenomena  of  stimulation  are  noticeable  at  the  kathode, 

pseudopodia  again  showing  contraction-phenomena  and  their 

pdrioplagm  flowing  together  into  globules  and  spindles.     Bwt  this 

"Tect  Kraduallv  ceases  and  there  is  no  complete  retraction  of  the 

ithodic  pseudopodia.      If  the  current  be  not  broken,  the  body  of 

t  Adinosphttrmm  disintegrates  from  the  anode  constantly,  but 

the  course  of  time  more  slowly,  until   finally,  if  the  current  is 

iMe,  the  process  wholly  ceases.     If,  however,  the   current   is 

Wger,  the  disintegration  proceeds  rapidly  until  the  whole  body 

I  wlen  into  a  Htitilesfi  mass  of  granules.     Hence,  AdinoapJuei-ium 

^imulnted  fo  contraction  h/  the  vmkinff  0/  the  eomtnnt  cttrrent  at 

M  the  anmh  and  the  kcilhcdf,  ly  the  hrealany  onhj  at  t/ir  kuthtde. 
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be  brok^-n,  the  breaking  trequently  is  no  longer  stimulating,  and. 
in  order  to  obtain  a,  result  on  remaking  considerably  stronger 
currents  must  be  employed  than  before.  The  decrease  of  irritabil- 
ity under  long  action  of  the  current  is  also  the  reason  why  in 
Aciinosphxrium,  with  the  intensity  of  the  current  remaining  equal. 
the  amalgamation -process  constantly  decreases  in  intensity.  Living 
xubstauc«  loses  in  irritability  under  the  long  action  of  a  stimulus. 
The  law  of  excitation  of  Pelomyxa  runs,  therefore,  as  follows ; 
Pelfimyxa  is  slimidakd  to  contraction  at  the  aywde-  upon  making,  and 
itt  the  kathode  upon  breaJcing. 

Another  form  of  polar  excitation,  which  is  perhaps  still  more 
interesting,  is  shown  by  Amahi  proteus}  If  a  constant  current  be 
sent  through  the  body  of  the  amceba  when  the  latter  is  extending 
its  pseudopodia  in  various  directions,  it  is  seen  that  the  body 
assumes  at  once  the  typical  form  of  Aniceba  limoj;  i.e.,  the  extended 
form  in  which  the  protoplasm  flows  in  a  single  direction,  the  body 
in  a  certain  sense  representing  a  single,  large,  thick  pseudopodiuni. 


Ibc  ]]niW|diuin  hcgtn*  to  dlnbit^ntg  >t  uis  uw^. 

It  is  th\i3  shown  that  the  extended  body  is  stimulated  to  contraction 
at  the  anode,  for  here  the  characteristic  vacuoles  of  BiitschJi  develop 
in  the  protoplasm,  and  the  body  retracts  strongly  upon  this  side. 
At  the  kathode,  on  the  contrary,  there  exists  an  excitation  of 
expansion,  for  here  the  protoplasm  spreads  out  into  a  broad  lobe. 
The  phenomena  are  seen  best  when  the  direction  of  the  current  is 
suddenly  reversed,  so  that  what  was  previously  the  anode  now 
becomes  the  kathode,  and  vic4  iw»i  (Fig.  201). 

Wholly  analogous  relations  have  been  demonstrated  recently  by 
Ludloff  ('95)  in  Faramtrcium.  By  the  making  of  the  current 
phenomena  of  contraction  are  shown  in  the  external  form  of  the 
body  at  the  anode;  by  strong  currents  that  end  of  the  body  is 
compressed  into  a  point,  the  liquid  of  the  trichocysta  is  pressed  oui 
and,  becoming  coagulated  in  the  form  of  threads,  surrounds  the 
end  of  the  body  with  rays  (Fig.  202.  B).  The  polar  excitation  of 
the  ciliary  motion  is  much  more  characteristic.     The  cilia  at  the  two 

'  Cf.   Verwoni('96.  *i- 
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poli>8  of  iho  body  an-  stimulated  in  opposite  senses,  the  anodic  to 
ciintmot,  thtiir  motion  being  stronger  in  the  direction  of  the 
iHHtvrior  em).  Mid  the  kathodic  to  expand,  the  motion  of  theae 
M'iiiK  strougiT  in  the  direction  of  the  anterior  end,  in  whatever 
iX'Utiuit  to  the  direction  of  the  current  the  body  may  be  fixed 
(Kig.  202,  ('■>.  Hence  in  Anueba,  as  tjt  Pararnmcmm,  tite  making 
of  tkt  cvmftut  produces  at  tKe  two  poles  opposite  effects,  hading  to 
twitntttiim  at  the  aiwde  and  to  expansion  at  tin:  htthode. 

Bill,  in  reality,  the  polar  eflfects  of  the  galvanic  current  on 
utUMile,  as  the  later  researches  of  Biedemiann  ('90,  1,  2)  on 
■uiuxith  and  cross-striated  muscles  have  shown,  are  more  complex 
(Khii  the  law  of  excitation  of  muscle,  in  the  form  in  which  it  has 
thus  fw  bifti  expressed,  declares.  The  conception  of  excitation  has 
hitherto  bt>en  limited  to  the  augmentation  of  these  processes  that  in 


Vvi-  H>1.  I  »,il  n  ti  r  At  Uit  lutt  Ml  UDiUmulslAd  iudlvidunl  |>iseuviiiJL-  miiiii<:iiiim  pwudD- 
umIM  i  »(  Uw  rt«M  I""'  loillvWiinta  iilinmbled  Uy  lh«  khIvmiIi-  lurrunl.  At  Ihe  uiodn  ■ 
b^M  HUit(wilC>u  U  thuwli,  Hi  th*  ImUindu  a  sCi-DDg  oiiumsion ;  thU  li  noLicod  HpoCUU? 
lUu^  ut**  bkWmi  reY««»l  iJ  the  diwctlon  of  Uw  current. 

vHXtd'Ut^lih'  MittwUuK^eH  find  their  expression  in  contraction.  Ex- 
iwttaioit  nelivxrtlioii)  hii-'^  customarily  been  regarded  as  a  phenom- 
I'lixit  v't  ili'('n'«'i"ii.  'I'hts  is  incorrect.  By  depression  is  meant  a 
4lUi\ktt«tU<<ii  iT  iTiiipleli'  I'i'ssiition  of  the  vital  processes  in  question, 
iw  !■  I'xiimplitliil  I'V  hiiniwis.  Expansion,  however,  is  ba.'^ed  upon 
Ktt  iMtt)iui'ii(Hl«in  t>l  iu^H'e:<iit^,  just  as  is  contraction.  The  confotmd- 
\\\u  \'\  t'\t<Hn>loit  ttuit  di'pri'Hsion  leads  to  false  ideas.  The  two  con- 
t>t^lUll>ltH  uln'ulil  U'  »liar)ily  separated,  and  the  term  excitation 
•htittM  W  ('M<'Mili-tl  lo  iuolude  the  augruentation  of  those  processes 
tt\«l  \»  i>>M>lini-hh'  nutintanot's  liud  their  expression  in  expansion. 
\i\\y\\\  \y\\*.Wi\\\'\\\\\^  nwoitivhos  it  follows  that  the  making  of  the 
wti*Utti  t'HvtvUt  }U\>iliHii>!<  in  the  muscle  not  only  an  excitation  of 
k^(tl^wMi)M  Ht  ll«'  kittluMli\  but  at  the  same  time  an  excitation  of 
t>\iiMtsMt4t  al  iht'  *iui<th>  111  a  imtscle  that  is  at  the  maximum  of 
|W  oxh>n«hvit  \\w  i-vttMliuH  at  the  anode  can  apparently  not  find 
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"ipression,  for  a  muscle  completely  extended  cannot  be  extendetl 
further.  But  that  the  process  at  the  anode  is  as  is  stated  above  is 
"^ii  at  once  when  smooth  or  cross-striated  muscles  that  are  parti- 
s'lj  cMitracted  are  stimulated.  In  euch  muscles  at  the  moment 
"f  mskiiig  the  current  a  local  expansion  takes  place  at  the  anode. 
"iBiJennann  was  likewise  able  to  establish  upon  heart-muscle  thi- 


•"taiiten  of  the  b^y  betUff  i 


uri  Dwomd  compretiBea 
r.  Tho  poalClDTiB  takou  by  the  uUlft  (utity  the  {lUtUlke  dI  tbu 
^uv  thi>  L-lllu  nrc  bout  more  sttougly  lovu^  the  |x>liit«d  hlodcr 
tliodo  more  to-rraci  tlio  blunt  funruni  end,    D,  Tbemnic.  Xbf 
irenmd.    (After  l.iidl.iff.) 


I**-!*;  fact,  that  upon  breaking,  in  addition  to  the  excitation  of  con- 
^ction  at  the  anode,  an  excitation  of  expansion  takes  place  at  the 
^^tthode.  It  is  interesting  that  the  effects  at  the  two  poles  upon 
•sking  are  the  opposite  of  those  upon  breaking.  The  phenomena 
'  the  nerve  afford  a  complete  analogy  to  this.  In  the  nerve  also 
Ihwp  are  opposite  effects  at  the  two  poles.  This  is  expressed  in 
^«  change  jn  irritability  that  manifests  itself  at  the  poles  when 
*  galvanic  cnrrf-nt  is  passed  through  the  nerve.       For  example, 
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experiiuents  on  the  stimulation  of  nerves  that  are  in  the  electrotonic 
condition  have  shown  that  upon  tho  making  of  the  current  the 
irritability  rises  at  the  kathode  in  comparison  with  the  normal, 
tut  at  the  anode  ie  depressed ;  this  relation  is  conipletely  reversed 
upon  breaking,  so  that  for  a  short  time  after  breaking  an  increase 
of  irritability  at  the  anode  and  a  decrease  at  the  kathode  are 
noticeable.  Thus,  opposite  processes  exist  at  the  two  poles  upon 
making,  aud  each  is  revi-rsed 
upon  breaking.  \A'hether 
similar  relations  between  the 
eft'ecte  of  making  and  bi'eak- 
ing  on  the  one  hand,  and 
those  of  the  two  poles  on  the 
■  ".her,  will  be  discovered  in 
lany  free-iiving  cells,  later 
(perimcnts  must  show.  But 
lat  the  opposition  in  the 
fecta  at  the  two  poles  upon 
>'aking,  which  exist  in  muscle 
id  nerve,  is  not  to  be  gene- 
ilised  for  all  living  substance, 
la  shown  by  the  simple  liict 
that  in  Actinosp/uBrium,  Or- 
hiiolitcs,  and  Amphiakg-iita,  it 
is  not  present ;  in  these  forms 
tin  excitation  of  contraction 
alone  appears  at  both  the 
anode  and  the  kathode. 

In  summarising  briefly  our 
knowledge  of  the  polar  effects 
of  the  galvanic  current,  it  can 
only  be  said  that  the  primaiy 
effects  of  the  constant  current 
iivf  [iio!ili-if^d  at  thi.'  points  of 
entrance  into  (anode)  and  exit 
from  (kathode)  the  living  sub- 
stance ;  in  the  different  forms 
of  living  substance  the  kind 
of  excitation  at  the  kathode 
and  at  the  anode  upon  making  and  upon  breaking  are  very 
different ;  hence,  no  general  law  of  polar  excitation,  applicable  to- 
all  living  substance,  can  be  formulated. 

We  will  here  leave  the  polar  effects  of  the  galvanic  current  and 
take  up  the  various  kinds  of  excitation-phenomena  caused  by 
electric  stimulation.  The  effects  upon  contractile  substances  have 
already  been  considered  to  some  extent.  Contractile  effects  that 
are  manifested  outwardly  in  motion  will  now  be  examined. 
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ExpansioD-effects   of   galvanic   stimulation   are   mostly   incon- 
spicuous externally,  and  it  has  already  been  seen  that  only  in 
certain  cases  is  it  possible  to  observe  them  at  all.     But  contraction- 
effects  are  everjnvhere  noticeable.     Typical  phenomena  of  contrac- 
tion have  already  been  seen  in  ActinosphccHum  and  AmphistegiTia  in 
the  formation  of  globules  and  spindles  in  the  protoplasm  of  stimu- 
lated pseudopodia.     Atnosba  and  leucocytes,  as  GoJubew  ('68)  and 
Engelmann  (*69)  have  shown,  when  acted  upon  by  single  induction- 
shocks,  draw  in  their  pseudopodia  and  assume  a  spherical  shapje. 
The  protoplasm  of  plant-cells,  as  Kiihne  ('64)  demonstrated  in 
the  cells  of  the  stamen-hairs  of  Tradcscantia  virginica,  is  induced 
likewise  to  form  globules  by  repeated  making  and  breaking  of  the 
c(HQ8taDt  current  or  by  single  induction-shocks  (Fig.  203)  ;  this  is 
also  characteristic  of  naked   protoplasm,   and   can   be  produced 
locally  by   the   local   application  of  stimuli. 
The  activity  of  cilia,  as  Engelmann  (79, 1)  and, 
more  recently,  Kraft  ('90)  have  observed  in 
ciliated   epithelia,   is    increased    to    greater 
rapidity  by   the    galvanic  current,   the   fre- 
quency and   amplitude    of    the   stroke,   and 
hence  the  useful   effect,  being  especially  in- 
fluenced.     In   the    single   flagellum    of    the 
fla^llate  cell  also,  e.g.,  in  Perariema,  the  ex- 
citing effect  of  the   electric   current  can  be 
observed  expressing  itself  with  a  single  induc- 
tion-shock   Dy   an   energetic   stroke    in    the 
otherwise    uniformly   rhythmical    beat   (Fig. 
204).    In  the  myoids  of  Infusariay  e.g.,  in  the 
stalk-myoid  of  VarticeUu,  in  smooth  muscle- 
cells,  and  in  cross-striated  muscle-fibres,  ex- 
citation by  a  single,  brief  electrical  stimulus, 
such  as  a  single  induction-shock,  is  expressed 
by  a  contraction ;  with  cross-striated  skeletal  muscles  this  can  be 
recorded  graphically  by  means  of  a  myograph  (Fig.  205). 

But  before  bringing  to  an  end  the  consideration  of  reactions  in 
ccffltractile  substances,  the  effect  of  rapidly   successive   galvanic 
stimuli  deserves  attention.     The  best  means  of  putting  a  contrac- 
tile structure  into  tetanic  contraction  is  afforded  by  the  rhythmic 
indaction-shocks  of  du  Bois-Reymond's  sledge-apparatus  with  the 
kwDnier  in   action.      An  amceba   or  a  leucocyte  under  the   in- 
fluence of  rhythmically  successive  induction-shocks  remains   in 
contmction,  i.e.,  preserves  its  spherical  form,  as  long  as  the  action 
wotinnes.     With  the  same  kind  of  stimulus  muscle  likewise  is  in 
continual  contraction.     Muscle  here  affords  a  much  more  favour- 
^ We  opportunity  than  with  mechanical  stimulation  to  follow  the 
ongiii  of  tetanus  and  to  demonstrate  the  fact  that  tetanic  con- 
traction consists  of  discontinuous,  single  contractions,  which  follow 


Fio.  204.— PdranoiMi,  a 
flagellate  infusorian.  a, 
Swimminff  quietly  ;  6, 
Htimulated  by  an  indue- 
tion-nhock. 
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one  another  so  rapidly  that  between  them  there  is  no  time  for  the 
muscle  to  extend.  In  order  to  study  the  details  of  tetanic  oon- 
tiaction,  a  myograph  is  employed  (Fig.  206).  the  writing-lever  of 
which  traces  the  movement  of  the  muscle  upon  stimulation  in  the 
form  of  a  curve  upon  a  revolving  drum.  If  the  muscle  be  stima- 
lated  by  means  of  a  single,  not  too  strong  induction-shock,  so 
that  it  performs  only  a  moderate  contraction,  a  sinde  curve  is 
obtained,  the  ascending  limb  of  which  represents  tne  phase  of 
contraction,  the  descending  Umb  the  phase  of  expansion  (Figs.  205, 
//,  and  207,  /).      But,  if  several   induction -shocks   be  allowed 


to  act  upon  the  muscle  in  succession  and  at  regular  intervals 
in  such  a  manner  that  each  succeeding  stimulus  reaches  it  at 
the  moment  when  it  is  jnat  beginning  to  extend,  the  first 
contractions  are  superposed.  i.e.,  the  shortening  of  the  muscld 
is  continued  with  every  succeeding  contraction ;  the  shortening  of 
each  contraction  may  be  regarded  as  representing  the  resting 
point  of  the  muscle,  and  from  this  the  shortening  of  the  next 
contraction  rises.  Thus,  with  every  succeeding  stimulus  the  curve 
of  shortening  rises  like  steps  and  reaches  a  certain  height,  at 
which  it  is  then  maintained,  still  allowing  the  regular  variations 
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between  the  individual  stimuli  to  be  recognised  clearly  (Fig.  207, 
i-ly  If  induction-shocks  be  allowed  to  act  upon  the  muscle  in 
more  rapid  succession,  as  they  are  produced  in  the  secondary  coil 
by  the  play  of  Neers  hammer,  the  effect  of  each  single  shock  is  no 
loD^r  to  be  distinguished  as  such,  but  a  smo<ith  curve  results, 
which  rises  rather  steeply  and  then,  if  the  stimulation  be  not  con- 
tinued too  long,  maintains  itself  at  a  uniform  height  as  a.  straight 
line  (Fig.  207,  III).  Thus,  by  increasing  the  rate  of  succession  of 
the  stimuli,  it  is  possible  to  follow  the  formation  of  complete 
tetanus  from  the  completely  finished  single  contractions  through 
all  the  transition -forms  of^  incomplete  tetanus,  and  thereby  to 
afford  the  proof  that,  in  reality,  tetanus  is  a  discontinuous  con- 


tneticaL  All  continued  contractions  that  arc  performed  in  the 
homao  body  under  nervous  influence  are,  like  tetanus  artificially 
produced,  discontinuous  phenomena  composed  of  many  single 
ConbHctions  following  one  another  in  rapid  succession. 

It  should  be  mentioned  that  there  are  forms  of  living  substance 
iiuA  are  not  influenced  at  all  by  induction-shocks,  either  by 
tangle  ones  or  by  shocks  succeeding  one  another  rapidly  or  slowly, 
however  strong  they  may  be.  Such  objects  are  Orhitolites, 
AmpkiOegina,  and  other  marine  Rhizi^ymln .  Their  protoplasm 
KQQiies  for  reaction  a  longer  duration  of  the  stimulus  than  the 
ligntniug-like  induction-shock  possesses.^ 

As  regards  other  excitation-effects  of  galvanic  stimulation, 
mechanical  motile  effects  are  produced,  not  only  in  contractile 
'  Of.  Vetwom  ('W,  2). 


I  m  (tIksm  tlttt.  Uko  Mimosa,  move  by  changes 
t]f  M«K)f  iaUtKtkm-shucks  be  allowed  to  ftct  upon 


/,  HlllRlc  rniitinctfolu'  [im- 
im,  prodiioed  lis  npuiiltw  lu 
■iiiih,  pnxliif cfl  by  luductlDn- 


\tim  wf  which   are  outspread,  they 
,«.«   «»  (Mwchnnicnl   Btimulation  ;   the  . 
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bninches  drop  at  once  and  the  leaves  flap  together  in  the  typical 
manner. 

Other  forms  of  energy  are  also  made  manifest  by  galvanic 
sdmalL  Thus,  exact  thermo-electric  measurements  have  shown 
thai  the  temperature  of  muscle  rises  in  activity,  although  very 
sligfailyy  and  that,  in  general,  the  production  of  heat  stands  in 
invene  proportion  to  the  performance  of  work. 

Iliat  electricity  is  also  produced  in  the  contraction  of  muscle 
caused  by  galvanic  stimulation  is  already  clear  from  our  previous 
bxnriedge ;  an  electric  tension  appeai-s  between  ever}'  contracted 
point  and  every  resting  point,  the  former  being  negative  to  the 
latter.  When,  therefore,  a  contraction-wave  runs  over  the  muscle 
from  one  end  to  the  other,  an  acfym-current  can  be  led  oflF 
fiom  the  two  ends  at  the  moment  when  the  wave  begins,  since, 
while  the  one  end  is  contracting,  the  other  is  at  rest. 

Ijg^t  also  can  be  produced  by  galvanic  stimulation  in  pelagic 
phoqdioreBcent  animals,  such  sis  Radiol  aria  and  Nociilucai, 

It  18  evident   from   our   previous  considerations  that  all  this    . 
eTohlmi  of  energy  in  its  various  forms  must  be  combined  with  an    ' 
enitilkm    of  metabolism ;  it   is   chiefly   the   much-investigated 
mnade  that   has  shown  this.     The  muscle  excited  to  constant 
actifitf  by  stimulation  of  any  sort  consumes  more  oxygen  than 
the  rating  muscle,  it  consumes  the  glycogen  stored  in  it,  it  produces 
more  carbonic  acid  than  the  resting  muscle,  and,  in  place  of  the 
nentnl  or  alkaline  reaction  of  the  latter,  it  shows  an  acid  reaction. 
All  these  changes  show  very  clearly  that  in  muscle  when  put  into     1 
activity  by  stimuli  a  considerable  augmentation   of  metabolism      • 
takes  place. 

6.  The  Phenomena  of  Depi^ess^ion 

In  electrical  stimulation  also  the  depression-effects  are  wholly 
saboidiiiate  in  comparison  with  the  phenomena  of  excitation,  and, 
while  the  latter  have  been  investigated  extensively  and  carefully, 
the  farmer  are  little  known.  Nevertheless,  there  appear  to  be 
caaee  in  which  the  galvanic  current,  especially  through  long  in- 
fliunoe  or  great  intensity,  is  able  to  pro<luce  phenomena  of 
depronrion.  Whether  the  diminution  of  the  irritability  of  the 
nerve  that  takes  place  at  the  ancKle  upon  the  making  of  strong 
cnirents  and  at  the  kathode  upon  the  breaking,  and  can  lead  to 
complete  loss  of  the  power  of  conduction  at  the  place  in  question 
without  any  real  destniction,  is  to  be  regarded  as  a  phenomeniai 
of  depression  is  more  than  doubtful :  more  extended  experiments 
especially  directed  to  this  point  are  needed.  But  apparently 
genuine  depressing  effects  of  the  galvanic  current  have  bec^n 
discovered  with  regard  to  cili«-\ry  motion  bv  Engelmann(7J),  Daiid 
Kraft  ('90) 


'  GENERAL  PHYSIOLOGY 

The  gill-filaments  of  bivalve  mussels  are  covered  by  a  ciliated 
epithelium,  the  ciiia  of  which  on  account  of  their  length  are 
especially  well-fitted  for  the  observation  of  ciliarj-  motion.  When 
Engelinann  stimulated  these  filaments  by  means  of  a  single,  strong 
induction -shock,  the  cilia  went  into  rigor,  exactly  as  the  cilia  of 
Iiij-usiiria  and  ciliated  epithelia  go  into  heat-rigor  after  strong 
thermal  stimulation.  They  bent  into  the  form  of  a  hook  in  the 
direction  of  the  stroke,  their  motion  censed  and  they  remained 
in  this  position  the  longer,  the  stronger  the  induction-shock  had 
bt>en. 

Krafl  made  an  analogous  observation  during  the  long-continued 
HCtioD  of  the  constant  current  upon  ciliated  epithelia  of  vertebrates. 
At  the  beginning  of  the  action  the  ciliary  stroke  was  accelerated, 
tirat  at  the  two  poles,  but  then,  by  a  spreading  of  the  excitation  in 
tin*  tissue,  m  the  whole  intrapolar  portion ;  with  long  duration  of 
the  current  the  acceleration  decreased  gradually  and  gave  place  to 
»  depression  of  the  activity,  amounting  to  complete  standstill  in 
iho  whole  intrapolar  portion.  Hence  it  appears  that  the  same 
rotation  is  present  here  as  in  other,  e.g..  chemical,  depressions,  viz., 
thi'  slinmlus  in  question  calls  forth  first  a  stage  of  excitation  and 
ilit'ii  wilh  stronger  or  longer  action  a  depression.  But  all  these 
ivtiktioim  liuvc  been  too  little  investigated  to  permit  a  definitive 
iiilvrpn'tatioii. 

K   iHK  niiilcrriVE  ekfecix  of  unilateral  stimulatiok 

Aiui'iig  the  physical  phenomena  that  are  employed  for  the  amuse- 
iiii'Ul  t>f  ehiUlivn  in  civilised  countries,  those  of  magnetism  usually 
hnw  iitv»i  attraction  for  the  childish  mind.  The  remarkable  facte, 
iImI  ihv  magnetic  needle,  freely  suspended,  under  all  circum- 
tUiUL'<>«  ilinvti  imo  end  toward  the  north  pole  of  the  earth,  that 
^luktl  U-Ata  and  animals  provided  with  an  iron  pin  and  swimming 
III  uk  bwuu  ^^'  w»ti>r  follow  the  slightest  motions  of  the  magnetic 
uumUw  with  iiiiGiiling  certainty  as  if  conjured  by  a  magician,  that 
ttvu  lUiu^  4(n'wn  upon  paper,  arrange  themselves  in  vert' 
«jteiM-,-h'i>'<tK<  iHirvw*  over  a  magnet  placed  below  thom— all  this 
ihI  Its  as  children.  Magnetic  phenomena  must 
.  deep  impression  upon  the  fervid  &ncy  of  the 
I  who  in  many  respects  have  retained  childish 
,  urtisfnt  time.  In  the  tales  of  the  Arabian 
\  h1  ex|iression  of  this,  which  still  takes  strong 
■•h  hi-art,  in  the  gloomy  stories  of  the  magnetic 
.,;h*  t'flhe  helpless  marinera  who  saw  their 
\i-ible   force,   crash    upon    the   smooth 

^ixiidor  and  fascination  connected  with 
^.,      .    !-.^1HWlc  of  our  being  accustomed  to  ita 
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peculiar  effects.  But  the  sensations  of  our  childhood  are  again 
awakened  when  we  meet  with  effects  analogous  to  those  that  the 
magnet  exerts  upon  the  needle,  namely,  attraction  and  repulsion, 
transferred  to  living  nature  as  results  of  a  great  variety  of  stimuli ; 
and  when  we  see  that  these  stimuli  are  capable  of  exercising  upon 
organisms  an  effect  that  forces  them  under  certain  circumstances 
to  turn  toward  or  away  from  the  source  of  the  stimulus  with  the 
same  irresistible  power  and  the  same  unfailing  certainty  as  the 
magnetism  forces  the  iron.  The  moth  returns  with  deadly  certainty 
to  the  light ;  although  it  has  singed  its  wings  innumerable  times, 
it  cannot  resist  the  fascinating  power  and  finally  falls  into  the  flame. 

Since,  in  the  higher  animals,  as  a  result  of  the  co-operation  of  the 
nervous  system,  these  phenomena  possess  a  complexity  that  renders 
their  examination  more  difficult  and  not  rarely  diminishes  the 
certainty  of  the  reaction,  it  is  advantageous  to  consider  them  more 
especially  from  the  standpoint  of  cell-physiology. 

It  is  necessary  to  the  occurrence  of  the  phenomena  in  question 
that  differences  in  stimulation  exist  in  different  parts  of  the  body. 
If  stimuli  act  equally  upon  all  sides,  all  the  effects  of  stimula- 
tion described  in  the  preceding  section  occur,  but  a  directive 
effect  is  necessarily  absent.  Only  unsvmmetrical  stimulation  can 
control  the  direction  of  motioi^ 


1.  CheTfiotaxis} 

The  word  chemotaxis  is  applied  to  that  property  of  organisms 
that  are  endowed  with  the  capacity  of  active  movement  by  which 
when  under  the  influence  of  chemical  stimuli  acting  unilaterally 
they  move  toward  or  away  from  the  source  of  the  stimulus.  Where 
there  is  an  approach  to  tne  source  of  the  stimulus,  there  is  positive 
chemotaxis,  where  there  is  a  removal  from  the  source  negative 
chemotaxis.  Unilateral  stimulation  with  chemical  stimuli  is  only 
realised  when  the  concentration  of  the  substance  in  question 
gradually  increases  from  the  living  object  in  one  direction. 

~  fve^ed  firf^t  by  Engelmann  in  Bacttriq,.  observed  by  Stahl  in 
Myxomycetcs,  studied  systematically  and  more  fully  by  Pfeffer,  and 
recently  investigated  in   leucocytes   by  Massart,  Leber,  Gabrits- 

^  Although  the  words  *  *  chemotropism  "  ''heliotropisni,"  etc.,  have  been  long  In 
use,  I  have  decided,  after  considerable  delay,  to  exchange  them  in  this  edition  of 
the  book  for  the  words  **  chemotaxis,"  **  phototaxis,"  etc.  ;  my  reason  is  that  the 
former  not  only  sound  heavy,  but  suggest  objections  from  the  philological  stand- 
point. I  come  to  this  conclusion  witb  some  reluctance  because  for  some  time  I 
have  been  endeavouring  to  ex  tend  the  former  terminology  from  the  few,earlier  known 
"tropisms"  to  the  corresponding  phenomena  associated  with  other  stimuli,  and 
admit  new  tropisms,  thus  indicating  at  once  by  the  term  used  the  fact  that  all 
the  phenomena  belong  in  the  same  class.  Now,  however,  when  the  analogy  of 
the  phenomena  that  result  from  the  various  kinds  of  stimuli  is  fully  recognised,  I 
believe  it  advantageous  to  replace  the  less  fortunate  terms  by  the  newer  expres- 
sions, already  much  employed. 
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chevskv,  Met  ichnikoff  and    others,  chemotaxis  has    now    becom^ 
recognised  hs  a  phenomenon  of  wide  distribution  among  free-livi& 
cells   and  of  extraordinai^'  stB;Tu6cance,  not  only  for  unicellulai 
organisms  but  also  for  life  in  tne  cell-commumty. 

Among  nuktd protoplaemic  masses  chemotaetic  phenomena  won 
first  observed  by  Stahl  ('84)  in  Mi/xmnycetes.  He  allowed  tl 
yellow  relicukite  plasmodium  of  ^thalium  septiciim,  which  livi 
upon  tanfToc^ep  upon  moist  strips  of  fiiter-paper,  and  then  huni 
up  thiTslrips  with  one  end  in  water  that  was  deprived  of  oxygoi 
and  shut  otf  from  the  oxygen  of  the  air  by  a  layer  of  indiffentm 
oil,  while  the  other  end  was  in  contact  with  the  air.  The  ^es^^ 
was  that  the  protoplasm  of  the  strands  that  dipped  into  the  wat€ 
gradually  streamed  com'^'o**'"  ""*  tid  accumulated  above  thi 
layer  of  oil  upon  the  mo,  r-^j  in  the  air.     Hence  it  wai 

positively  chemotaetic  to  en  \tu  u.'  the  air.     That  it  i 

the  water  itself  which  thn  y       sought  to  avoid,  aa       _ 

perhajis  be  supposed,  fol!         uoiu  fact  that  the  plasmodia  » 

positively  chemotaetic  u.  ndter  ana  always  creep  from  dry  1 
moist,  thus  manifesting  a  specific  l.ydrotaxis.  The  strips  i 
filter-paper  in  the  experiment  must  always  be  kept  moist,  in  o  ' 
that  the  chemotaxis  toward  water  may  not  interfere  with 
toward  oxygen.  The  plasmodia  bqjmve  che  mo  tactically  toWi 
other  substances  also,  especially  the  tan  that  serves  them  aa  f 
Thus,  in  Stahl's  experiments  the  protoplasmic  masses  always  c 
toward  pieces  of  tan  or  toward  little  balls  of  paper  that  i 

soaked  with  an  extractof  tan,  and  collected  there,  a  form  ofpositt 

chemotAxis  which  Stahl  termed  trophotaxis  because  it  plays  an 
important  rdle  in  the  habit,  which  ia  wide-spread  among  unicellular 
organisms,  of  searching  for  food.     Leber  ('88),  Massart  and  Bordet 

I  ('90),  Metschnikoif  ('92),  Buchner  ('90),  and  others  have  discovered 
chemotaetic  properties  in  the  leucocytes  of  vertebrates,  and  a 
relation  has  been  found  here  that  is  of  the  greatest  importance 
with  respect  to  the  behaviour  of  organs  toward  infectious  diseases. 
As  has  already  been  seen,'  Bacteria  excrete  certain  metabolic 
products,  such  as  the  toxines,  which  recently  have  attracted  greatly 
the  attention  of  invfttigatore.  These  products  exercise  upon 
leucocytes  a  very  pronounced  chemotaetic  effect,  and  cause  them 
to  creep  in  great  swarms  to  any  place  in  the  organism  where 
Bacteria  have  entered  and  multiplied.  At  the  place  of  infection  a 
dense  accumulation  of  leucocytes  takes  place  and  in  certain  casee. 
as  Metschnikoff  has  shown,  they  devour  the  bacteria  and  determine 
in  part  the  further  course  of  the  infection  {C/.  Fig.  210).  If  the 
bacteria  are  not  present  in  too  great  numbers,  they  may  succumb 
in  the  struggle  with  the  leucocytes,  which  latter  in  a  certain  sense 
represent  the  police  of  the  body  in  coniparijion  with  the  weaker 
intniders,  and  the  infection  is  stopped.  If  the  bacteria  prove  the 
■  Of.  p.  i:.-.. 
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stidiger.anextensionof  the  infection  throughout  theorgamsiiitwkes 
pke.and  the  course  of  the  disease  is  then  determined  by  other 

In  iirder  to  demonstrate  the  positively  chemotactic  action  of 

bacterial  products  upon  leucocytes,  the  following  experiment  of 

Hnssart  can  be  performed.      According  to  a  method  nrat  devised 

br  Pfeflfer,  a  short  capillary  tube  is  filled  with  a  culture  of  the  pua- 

fwniing  Siaphylococais  pyogenes  aUnis,  and  one  end  is  sealed.     The 

mbf  is  laid  in  the  abdorainai  cavity  or  under  the  skin  of  a  rabbit, 

and  l(?ft.  for  some  10  to  12  hours.      After  this  time  it  is  found  by 

micniscopic  esamination  of  the  tube  that  through  the  open  end  a 

dense  swarm  of  leucocytes  has  penetrated  into  the  interior,  and 

JuLH  closed  the  opening  like  a  thick  white  stopper  (Fig.  208).      In 

other  words,  the  leucocytes  are  induced  by  the  bacterial  substances 

to  creep  from  the  tissues  of  the  animal  into  the  capillary  tube.     A 

«rilie  will  at  once  raise    the   objection   that  perhaps   it   ia   thc 

nvtjieDt  solution   in   which  the   bacteria  are   cultivated,   which 

tA<!tschpmotactically  upon  the  leucocytes.     This  objection  can  be 

millificd,  if,  as  Mass<art  has  dnnt',  thrn^  hr  |nit  int'>  the  ^mitiial  for 


m 


fuiposes  of  control  a  similar  capillary  tube  containing  similar 
nutrient  liquid  but  without  the  bacterial  culture.  In  such  a  case 
the  leucocytes  do  not  enter.  That  it  is  not  simply  the  bodies  of 
(he  bacteria  themselves,  but  the  metabolic  proclucts  excreted  b}' 
them, which  have  the  cheraotactic  effect, maybe  proved  byem ploying 
lurthJe  experiment  a  culture  liquid  that  has  been  sterilised  and( 
wholly  freed  from  the  bacterial  bodies,  and  in  which,  therefore, 
■Mily  the  dissolved  metabolic  products  of  the  bacteria  in  question! 
■eiist  The  result  is  then  the  same  as  vrhen  the  culture  is  employed 
directly :  after  some  time  the  tiibe  is  filled  with  leucocytes  that 
iave  wandered  in.  What  is  true  of  the  culture  of  Staphylococous 
s  albus  has  been  found  also  in  many  other  pathogenic 
I,  and  there  is  no  doubt  that  further  investigations  upon 
'  relations  between  leucocytes  and  bacteria  will  make  clear 
■  whole  series  of  points  which  thus  tar  in  the  history  of  intectiou.': 
Iweases  have  been  very  obscure. 

Jloreover,  leucocytes  appear  chemotactic,  not  only  toward  the 
'Ptabolic  products  of  Bacteria,  but  also,  as  Buchner  has  found, 
"vjird  the  proteids  of  the  bodies  of  the  Bndirin  themselves,  i 
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whole  series  of  substances  of  non-bacterial  origin.  Thus,  Buchner 
found  that  broth  made  of  wheat  flour  and  that  made  of  pea  flour 
jHtsscss  especially  strong  chemotactic  power.  Finally,  Sicherer 
('96)  has  recently  shown  that  under  proper  conditions  the  leucocytes 
of  warm-blooded  animalB  outside  the  body  exhibit  their  chemo- 
tactic properties  toward  very  varied  substances  for  a  long  time,  as 
clearly  as  in  the  living  body  itself 

The  chemotaxis  of  leucocytes  plays  an  important  role  in  the 
development  of  many  animals.  Tnia  ia  made  clear  especially  by 
the  beautiful  investigations  of  Kowalevsky  ('87)  upon  insects. 
When  the  fly-larva  changes  into  the  complete  fly — a  metamor- 
phosis that  takes  place  fairly  rapidly — the  organs  of  the  larval 
body,    such  as  the   creeping   muscles,   become   superfl\ious,  and 


'^  nTiKls     <Aftar  kowileTiiV.) 


begin  to  degenerate.  The  substances  formed  at  the  beginning  of 
this  degeneration  have  a  strong  chemotactic  action  upon  the 
leucocytes;  the  latter  wander  into  the  degenerating  organs  in 
great  crowds,  and  as  genuine  phagocytes  devour  the  disintegrating^ 
masses,  and  thus  accelerate  their  removal  (Fig.  209).  It  is  charac- 
teristic that  the  phagocytes  manifest  their  activity  only  in  insecta 
in  which  the  metamorphosis  takes  place  very  rapidly ;  but  that  in 
others,  as  in  the  moth,  and  in  the  degeneration  of  the  tail  of  the 
tadpole,  they  have  no  share.  Nevertheles.'^,  Metschnikoff  was  able 
to  demonstrate  analogous  phenomena  in  the  development  of 
star-fishes. 

Chemotaxis  is  wide-spread  in  the  flagellate  .5(M;(ma,/M/«5onn, and 
Mwarm-spores.  In  Jiactcrm  the  phenomenon  was  first  discovered 
by  Engelmann  ('81,  1 ;  '94),  and  was  at  once  employed  practically 
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in  an  ingenious  manner.  Engelmann  observed  that  certain  forrna 
of  Bficleria  that  live  in  decomposing  infusions  accumulate  in  great 
numbers  in  the  neighbourhood  of  the  sources  of  oxygen.  Thus,  in 
an  exposed  drop  under  the  microscope  a  dense  accumulation  of 
these  microbes  takes  place  at  the  edges  of  the  drop,  where  the 
oxygen  of  the  air  has  the  freest  access.  Under  the  cover-glass, 
likewise,  the  Bacteria  congi'egate  in  the  neighbourhood  of  the  edge, 
and  form  a  dense  wall  parallel  to  it.  Bubbles  of  air,  as  well  aa 
plant-cells  whoae  chlorophyll  spts  free  oxygen  in  tl^j}  I'gV  act  in 
tEe  same  way,  especially  when  lack  of  oxygen  is  produced  to  a 
certain  extent  by  covering  the  edges  of  the  cover-glass  by  a  layer 
of  oil.  Engelmann  employed  this 
extraordinary  irritability  of  Backriii 
toward  oxygen  as  the  basis  of  a 
method  for  the  microscopic  demon- 
stration of  very  small  quantities  of 
oxygen,  and  this  has  become  very 
important  in  our  knowledge  of  the 
assimilatory  action  of  various  kinds 
of  light  upon  the  green  plant-cell.^ 
By  the  external  exclusion  of  air  from 
a  drop  containing  Bacteria,  the  place 
may  be  found  where  only  the  slight- 
est traces  of  oxygen  are  present,  and 
these  are  situated  where  there  is  a 
dense  accumulation  of  the  microbes. 
A  beautiful  example  of  such  is  af- 
forded by  the  following  observation.'' 
In  a  drop  under  the  cover-glass  a 
large  diatom  (i^nnM/arirt)  was  in  the  terium  o(  .pieoic  favur.  lAftcr 
field  of  sight,  and,  since  in  the  light  Moi«hiiikoff.> 
it  gave  off  oxygen  by  reason  of  the 

activity  of  its  chromophyll,  it  was  closely  aurrounded  by  a  wall  of 
motionless  SpirockceicE.  In  the  other  parts  of  the  field  almost  no 
Spiroehatw  were  visible.  The  diatom  suddenly  moved  a  little 
distance,  and  then  lay  still.  The  Badena,  thus  separated  from 
their  source  of  oxygen,  lay  quiet  for  a  few  moments ;  but  sogn  an 
active  movement  began  among  them,  and  they  swam  in  dense 
crowds  again  to  the  diatom.  After  one  or  two  minutes  almost  all 
were  congregated  again  about  it  in  a  dense  mass,  and  motionless 
as  before  (Fig.  211,  i).  Engelmann  has  recently  figured  similar 
observations  (Fig.  211,  7/ and  III), 

The  striking  and  a\-stematic  investigations  of  Pfeffer  ('84, '88)  upon 
chemotaxis  had  their  starting-point  in  observations  on  the  sper- 
matozoids  of  ferns,  in  which  chemotactic  relations  to  the  egg-cell 
were  found.  It  is  now  known  that  analogies  to  this  exist  in  almost 
'  Cf.  p.  217.  2  Cf.  Verworn  ('80 
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all  organisms,  und  function  as  the  indispensable  condition  of  the 
fertilisation  of  the  egg-cell  by  the  spermatozoon  in  animals  as  in 


;,-.'r'     «vr;>. 
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plfmts.  The  spermatozoon  seeks  the  ovum,  and  almost  everywhere  t 
in  the  living  world  is  led  in  the  right  path  by  the  chemotactic  f 
action  which  the  metabolic  products  of  the  egg-cell  exert  upon  the J| 
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tely-moving  sperm-cell  (Fig.  212).     The  fact,  which  must  other- 
Be  appear  very  wonderful,  that  among  the  innumerable  swann  oi 
tormatosioa  of  the  various  marine  animals  every  species   finds 
e  proper  nvum,  is  in  a  great  majority  of  cases  a  direct  result 
cnemotaxis,  and  is  explained  very  simply  by  the  further  feet 
hat  every    species    of    spermatozoon    is    chemotactic    to    the 
lecifif  substances    that   characterise   the  ovum  of  the    corres- 
species.      We  have  here  an  adaptive  phenomenon  of  the 
PBmiJtst  kmd.  which  gives  ns  anew  an  idea  of  how  extraordinarily 
■■dwplj  the  phenomena  of  chemotaxis  reach  into  life-relations, 
refler's  experiment  was  as  follows:  He  filled  a  capillary  tube, 
nled  at  one  end,  with  a  solution  of  c.  O^OS  per  cent,  malic  acid  1 
d  placed  it  in  a  drop   that  contained  a  great  number  of  the  [ 
natozoids  of  a  fern ;  the  malic  acid  gradually  diftiiaed  from 
J  of  the  tube  into  the  drop,  and  thus  became  the  soui-ce 


v^>ii^<i  ' 
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I B  stimulus  acting  unilaterall}'.     Microscopic  examination  showed 

aX  the  spermatozoids  jmmediately  began  to  steer  toward  the 

of  the  tube  and  to  swim  into  it.     After  a  half-minute 

I  spermatozoids  had  entered  the  capillary,  and  in  some 

68  after  five  minutes  approximately  600.     In  one  experiment 

prith  24  spermatozoids,  after  twelve  mmutes  all  except  one,  which 

ky  at  rest  outside,  had  collected  in  the  capillary.     Hence  malic 

kid  exerts  a  very  strong  chemotactic  action  upon  the  sperma- 

"^ds  of   ferns;  toward  all  the   other   siibstances   that   Pfeffer 

d  with  respect  to  their  chemotactic  power,  the  spermatozoids 

hsved  with   complete   indifference.      This   suggested   strongly 

w  SQppceition  that  in  the  archegonium  that  holds  the  ovum  it  is 

PWJicacid  that  causes  the  spermatozoids  to  approach  and  enter. 

BOp  account  of  the   minuteness  of  the  objects  and  the  lack  of 

""n-chemical    methods,   Pfeffer   was   not   able  to   demonstrate 

;  acid  in   the  contents   of  the   archegonia   themselves,  but 

F  K  2 
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he  succeeded  macro-chemically  in  establishing  the  presence  of  that 
acid  in  all  parts  of  the  plant  that  contain  sexual  products ;  hence 
the  above  supposition  obtains  a  degree  of  probability  that  borders 
upon  certainty.  The  spermatozoids  of  mosses  behaved  indifferently 
toward  malic  acid,  but  were  remarkably  chemotactic  toward  'weak 
solutions  lif  cane-sugar. 

Later,  PfefFer  extended  his  investigations  to  a  large  number  of 
Bacteria  and  flagellate  In/tisoria,  and  obtained  a  series  of  results 
that  are  interesting  in  the  highest  degree.  These  show  that  very 
diiferent  substances  act  very  differently  ujion  different  micro- 
organisms. Substances  to  which  one  species  reacts  prove  ineffect- 
ive with  another.  Many  substances  induce  only  positive  chemo- 
taxis,  others  only  negative.  In  the  latter  case  the  organism 
turns  away  from  the  source  of  the  stimulus,  and  the  capillaiy  tube 
remains  empty.  The  threshold  of  stimulation,  i.e.,  that  degree  of 
concentration  at  which  the  substances  just  begin  to  exert  their 
chemotactic  effect,  is  very  different  for  different  substances  and 
different  organisms.  But  the  most  interesting  fact  is  that  many 
sybatances  that  induce  positive  chemotaxis  in  weak  solution,  induce 


le  dwth-])oliit.    The  u 


■   same  organisms  in  stronp  solution. 

There  exists,  therefore,  a  stimulus-optimum  toward  whic5  tSe 
organisms  strive  from  both  sides,  from  the  weaker  as  well  as 
from  the  stronger  solution.  If  the  solution  becomes  too  strong, 
death  naturally  results.  Hence,  four  important  grades  of  concen- 
tration may  be  established  :  the  upro-pniyt,  where  the  substance  in 
(juestion  is  wholly  wanting;  the  thisallflld  of  stimulation,  where  its 
concentration  is  such  that  the  substance  is  just  effective;  the 
^ptin.n.j^.ji^ifjj  toward  which  the  organisms  strive  from  all  degrees 
of  concentration  above  the  threshold ;  and  the  dgftthafmiflt,  at  which 
the  concentration  is  too  great  to  permit  life  (Fig.  213).  With  the 
same  substance  the  optimum-point  for  different  o^gani^^lll^•  usually 
exists  at  different  grades  of  concentration.  Massart  (lU )  tbund  a 
beautiful  example  of  this  in  the  different  behaviour  towarri  oxygen 
of  a  bacterium,  Spirillum,  and  a  ciliate  infusorian,  Anvphrys.  If 
the  two  species  of  organisms  were  under  the  cover-glass  in  great 
numbers,  both  congregated  like  a  wall  at  the  edge  of  the  glass  or 
around  air-bubbles,  but  not  immediately  at  the  boundary  !>etwe«» 
the  air  and  the  water;  each  kept  its  own  distance  from  the  source 
of  oxygen,  the  Anophrys  nearer,  the  SpiriUtim  somewhat  farth^-. 
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The  oxygen-optimum  of  each  species  was  represented  very 
distinctly  by  the  distance  of  the  individuals  from  the  source  of 
oxygen  (Fig.  214,  /  and  IT). 

Amone  ciliate  Infvxarm  chemotactic  phenomena  have  thus  far 
become  uttle  known ;  nevertheless,  for  a  few  species  Massart  has 
been  able  to  demonstrate  chemotactic  proj)erties  toward  various 
sobfitances.  The  negative  chemotaxis  of  the  infusorian  already 
noitioned,  Anophrys,  toward  common  salt  may  be  cited ;  this  may 
be  demonstrated  in  a  very  simple  way.      Massart  laid  at  the  edge 
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fik  tl4— CbemotoJds  of  Baettria  (SpirilluM)  and  In/v-aoria  (Aaophryi).  /,  Bubble  of  air  under  the 
eoffr-i^iii, lurrounded  l^  two  sones,  the  nearer  of  which  coufliats  of  Anophryt,  the  farther 
of  Ann/IvM.  II f  Edge  of  the  cover-glass.  Anorphryt  and  Spirillum  form  similar  zonen. 
///,T«Ddxopa  of  water  united  by  a  bridge  of  water.  In  the  upper  drop  is  common  salt. 
Tha  Ii^mria  {Anopkrvt)  In  this  drop  wander  over  into  the  drop  of  pure  water,  the  more  the 
■ItdiMolTw.    (After  kassart.) 


of  a  drop  in  which  numerous  specimens  of  Anophrys  existed  a  few 
snail  crystals  of  common  salt,  and  connected  the  opposite  side  of 
the  drop  by  a  narrow  bridge  of  water  with  a  similar  drop  of  dis- 
tilkd  water  (Fiff.  214,  III),  The  result  was  that  the  Infitsoria  fled 
from  the  spot  where  the  salt  lay  the  more,  the  more  the  salt  dissolved 
anddiffiised  into  the  neighbourhood,  until  finally  they  had  all  passed 
over  the  narrow  connection  into  the  other  dr<jp. 

Jennings  *  has  recently  made  very  comprehensive  and  systematic 
wvestigations  of  the  chemotaxis  of  Parfanariuw.iind  has  employed 
*  method    that   possesses   in    many    respects   great   advantages. 

.    -^  8.   Jennings :  "  Studies  of  reactions   to  Htinmli  in  uniceUiiIar  organisms. 
'•«te.»*'  JcuTH.  of  Physiol.,  1897,  xxi.,  p.  25S. 
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Jennings  pei  orats  his  experiioents  upon  the  slide  under  a  lai^ 
cover-gtasij  wnich  is  suppurt^d  by  two  glass  rods,  so  that  a  prettr 
thick  layer  of  wat«r  containing  Paramaxia  lies  between  the  «l>ai; 
and  the  cover.  In  this  layer,  which  must  be  free  from  all  admix- 
tures, he  places  carefully  by  meanB  of  a  pipette  diawn  out  into  a 
capilUry.  a  drop  of  the  solution  the  ch«motactic  action  of  whicb 
is  to  bi;  investigated  (Fig.  215).  The  substance^)  m  this  solattoo 
difiuKi.-  at  •ixuM  into  the  summnding  liquid,  in  which  the  Pnromaria 
are  &oatt*iTC-d  uniformly  and  in  motion.  Then,  accortlinj^  to  the 
modf;  of  action  of  the  substances  in  ijuestion,  very  characteristic 
eflfectsare  produced.  If  the  substances  are  inefifective,  as-^..^.,  snln- 
tions  of  sugar,  the  Paramfccia  sn-im  undisturbed  into  the  drop,  and 
after  a  few  seconds  are  again  spread  uniformly  under  the  cover-ghtBS. 
If  tht;  drop  induces  negatively  chtn  iiotactic  properties,  as,  t,g„ 
alkalies,  a  circle  that  is  completely  ine  from  Paramatta,  forms  at 
the  fjlacc-  (Fig.  215,  A).  But  if  the  orop  induces  positive  chemo* 
taxis,  as  e.g.,  most  acids,  all  Parameecui  that  are  present  under  the 
cover-glass  swim  into  it  (Fig.  215,  B).  If  the  concentration  .>f  the 
e£feclivi.-  aiibstance  is  above  the  optimum,  the  InftiMria  accunmlatv 
about  the  drop  in  a  circular  zone  (Fig.  215,  61.  It  is  remarkable 
that  Paramtecia  are  positively  chemotactic  tnward  carbonic  acid, 
as  toward  other  acids.  If  a  bubble  of  chemically  pure  carbonic  acid 
and  at  tht-  same  time,  for  control,  one  of  ordinarj'  air  be  placed 
imder  the  cover-glass,  the  Paravutcia,  leaving  the  air,  conOTegat« 
in  a  dense  mass  about  the  earboaic  acid  (^.  215,  J)).  But.  in 
proportion  as  the  latter  diffuses  into  the  water  and  accumulates  in 
a  concentration  above  the  optimum,  they  retreat  in  s  closed  circle 
from  thv  bubble,  because  tney  are  negatively  chemotactic  toward 
strong'  solutions  of  carbonic  acid.  Thus  very  characteristic  figures 
ajipear  (Fig.  215,  JE^.  Further,  since  Parnvuetia,  like  all  other 
organ  isms,  produce  carbonic  acid,  constantly  more  individuals 
become  attracted  to  the  place  where  for  any  reason  a  number  have 
assembled.  We  have  here  a  veiy  interesting  case  of  the  formation 
of  ail  assemblage  simply  by  reason  of  positive  chetiiotaxis.  As 
Fig.  21 5,  li  shows,  by  the  transference  of  a  drop  of  water  from 
a  group  to  another  cover-glass  preparation  contaming  Paramaxia 
a  ch^nintactic  assemblage  may  be  produced. 

Finrilly,  chemotactic  phenomena  afford  a  means  of  forming  an 
ajipr.Aiiriiite  conception  of  how  extremely  slight  may  be  the  stimuli 
that  :iri  iible  to  exert  a  visible  effect  upon  living  substance.  In 
his  i\|irrjment8  Pfeffer  found  that  the  spcrmatozoids  of  ferns. 
exhibi:i.'ii  ilistinct  chemotaxis  when  he  employed  a  capillary  tube 
contiiiiiiu);  a  *iohition  of  Oflfll  per  cent,  malic  acid.  If  it  be  home 
in  niitiil  that  the  malic  acid  mivst  first  ditfuw  into  the  droji  in 
order  h,  ^-wvv'ihc  its  pi.wr,  it  i'..ll..ws  th:il  tlir  .niiini.i 
that  acts  upon  the  spcrmatozoids  must  be  exceedingly  sms., 
But  this  is  not  all.     In  order  to  pnxiuce  a  chemotactic  effect  it 
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not  sufficient  that  a  certain  quantity  of  the  substance  in  question 
be  uniformly  distributed  in  the  vicinity  of  the  organism,  but  a 
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decrease  in  concentration  must  take  place  on  one  side.     In  other 
words,  it  is  the  amount  of  the  difference  in  concentration  at  the 
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two  ends  of  the  apermatozoid  that  determines  the  appearance  of 
the  chemotactic  effect.  Since  the  sperniatozoid  possesses  only  the 
minute  length  of  0015  mm.,  we  can  t'orni  an  approximate  idea  of 
how  extraordinarily  sniail  must  be  the  dift'erence  in  concentration 
at  its  two  Txiles,  and  therewith  the  amount  of  the  stimulus  that 
calls  out  a  chemotactic  effect.  Thus,  chemotactic  phenomena  and, 
as  we  shall  see,  analogous  phenomena  caused  by  other  stimuli, 
give  us  a  better  idea  than  all  other  reactions  of  how  excessively 
feeble  stimuli  produce  a  remarkable  effect  upon  living  substance. 
Living  substance  responds  to  extremely  delicate  influences.  When 
homceopathy  affinns  the  effectiveness  of  extremely  small  quantities 
of  certain  medicines,  its  claim  in  this  respect  is  fairly  justified. 
however  much  siiperstition  in  other  respects  may  attach  to  the 
homceopathic  doctrine. 

'1.  Barotaxis 

All  mechanical  stimulation  of  living  substance  consists  in  a 
change  of  the  pressure- relations  under  which  it  exists.  Every 
degree  of  pressure  can  act  as  a  stimulus,  from  crushing  or  cutting. 
which  destroys  the  continuity  of  the  substance,  down  to  the  slightest 
touch  and  the  most  delicate  change  in  the  pressure  of  the  air  or 
the  water  that  surrounds  the  organism.  Under  the  unilateral  action 
of  pressure -stimuli — iu  other  words,  in  all  cases  where  differences  of 
pressure  exist  upon  two  different  parts  of  the  body  of  an  organism — 
phenomena  appear  that  correspond  to  those  of  chemotaxis.  Since 
these  possess  in  common  the  one  characteristic  of  being  called  forth 
by  pressure  (^apot)  acting  unequally  on  different  sides,  they  may- 
be designated  by  the  term  barotazis.  Various  kinds  of  barotaxis 
can  be  distinguished  according  to  the  kind  of  pressure  ;  and  it  can 
be  positive  or  negative,  according  aa  the  organism  turns  toward  the 
side  of  the  higher  or  the  lower  pressure. 

Under  thigmotaxis,  all  those  cases  of  barotaxis  can  be  grouped 
in  which  the  phenomena  are  caused  by  the  more  or  less  strong 
contact  of  living  substance  with  more  solid  bodies.  Naked  proto- 
plasmic masses,  such  as  rhizopods  and  leucocytes,  exhibit  th«.- 
simplest  form  of  this.  These  afford,  indeed,  striking  examples  of 
how  feeble  contact  calls  out  positive  thigmotaxis.  strong  contact 
negative,  and  how,  analogously  to  the  case  of  chemotaxis, 
differences  in  the  intensity  of  the  stimulus  are  of  essential 
importance.  If,  e.g.,  a  marine  rhizopod,  such  as  the  often -mentioned 
Orbitolilcs  (Fig,  98,  p.  238),  be  left  quiet  in  a  glass  vessel  contain- 
ing sea-water,  after  some  time  pseudopodia  begin  to  be  put  out 
from  the  small  openings  in  the  calcareou-s  shell.  Consisting  at  first 
of  very  short  fibrils,  they  float  fi-eely  in  the  water.  Soon,  becoming 
longer  and  heavier,  their  ends  sink  to  the  bottom  and  become  fixed 
there  by  means  of  a  delicate  secretion,  and  the  protoplasm  begioB 
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actively  to  stream  along  the  bottom  without  rising  again  freely 
into  the  water.  In  other  words,  upon  slight  contact  with  the  bottom 
the  living  substance  of  the  rhizopods  behaves  positively  thigmotac- 
tically  and  turns  toward  the  object.  Except  in  the  free-swimming 
SadvDlaria,  ffdiozoa,  eta,  extension  and  wide  expansion  of  the 
paendopodia  take  place  always  in  contact  with  some  body,  whether 
it  be  the  bottom,  the  cover-glass,  the  surface  of  the  water,  or  objects 
in  the  water.  On  the  other  nand,  by  strong  mechanical  stimulation 
of  the  tip  of  an  extended  pseudopodium  of  Orhitolites,  best  by  press- 


™*  W<t— P»«idopodlum  of  OrbiUUites,  in  a  cut  acroes  at  * ;  6,  r,  d,  t ,  f,  8ucce8Hivo  ntages  of  the 

reaction. 


• 

^  Upon  it  with  a  needle  or  cutting  it  across  with  a  scalpel,  it  is 

possible  to  call  out  negative  thigmotaxis  of  its  living  substance, 

^'^c  protoplasm  at  the  place  of  stimulation  drawing  together  into 

®^1  globules  and  spindles,  and  streaming  away  (Fig.  216).^    The 

^^^  phenomenon  may   be  observed   still    more  distinctly  in  a 

■J^Pidly  reacting  fresh-water   rhizopod,  the   shell-bearing  Cypho- 

^^f  here   the  protoplasm  of  the  pseudopodia  withdraws  from 

*'"?^place  of  stimulation  with  great  rapidity  (Fig.  217). 

Thigmotactic  phenomena  are  wide-sj)read.     Among  jilants  they 

1  Cf.  Verworn  ('92,  1). 
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are  best  known  in  the  creeping  plants  and  climbers,  whose  tend:rii« 
and  twining  shoots  turn  toward  the  objects  which  they  tovx^^j^ 
and  grow  in  constant  contact  with  them  (Fig.  218).  Here  til^e 
structural  relations  are  so  complex  that  the  behaviour  of  the  liv^^j^^j. 
substance  within  the  single  cellulose-capsule   cannot  be  direofcly 

observed ;  hence,  th.  mis 
far  it  is  not  known  wi^-tih 
certainty   in  what   w^^^y 

the  individual  cell  shai e» 

»\c 


m 


in      the      thigmotac 
twining. 

Dewitz    (^86)    fou 
positive  thigmotaxis 
the  spermatozoa  of  t 
cockroach     (Periplanet^^^da 
orientalis).     If  the  spen  ^^r- 
matozoa  be  brought  m#".«nto 
a  0*6  per  cent,  soluticn^^oii 
of  common  salt  betwe^^-  ^ssen 
the  slide  and  the  cov 
glass,  after  a  short  ti 
all  the  individuals  coll 
partly   upon   the   lown^ 
surface  of  thecover-gl 
and  partly  on  the  up 
surface  of  the  slide, 
in  these  places  desc 
circles  witn  their  flage 
the  direction  of  wn 
without  exception,  is 
posite    to    that   of 
nands  of  a  watch, 
greater   portion   of 
liquid      remains      c 
pletely  free  from   s 
matozoa,  the  latter 
leaving  the  surface   of  the  glass  after  having  once  reach 
If  a  ball  be  placed  in  the  drop,  its  surface  is  at  once  sought^ 
them.    If  a  solution  of  common  salt,  containing  spermatozoa^ 
placed  in  the  cavity  of  a  ball,  after  a  short  time  the  whole  i 
surface  of  the  latter  is  covered,  and  the  liquid  in  the  middl 
completely  deserted.     The  pronounced  thigmotaxis  of  these 
matozoa,  like  the  positive  chemotaxis  of  many  others,  is  oF        ihe 
greatest  importance  for  the  fertilisation  of  the  ova. 

A  contrast  to  this  behaviour  of  the  spermatozoa  of  Periplct^m^zeia 
is  afforded  by  the  following  observation  upon  a  genus  of  cil^iate 
liifiisorid,  OxytricJui.     Their  flat,  yielding  bodies  are  beset  "u   — pon 


Fio.  2\1  .—CyphMeria,  with  extended  pseudopodia,  stimu- 
lated at  ^  >  .  The  protoplasm  is  flowing  away 
from  the  place  of  stimulation. 
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their  under  side  with  cilia,  which  the  animals,  like  woodlice,  use 
!ts  legs,  with  which  to  creep  about  upon  objects  in  the  water. 
These  Infusoria  are  always  seen  creeping 
about  busily  and  restlessly  upon  the  slide, 
the  cover-glass,  or  particles  of  mud  lying 
in  the  water,  without  ever  of  themselves 
losing  contact  with  the  objects.  The 
following  episode  from  the  life  of  an  Oxy- 
Irichn  illustrates  this  positive  thigmotaxis 
])articiilarly  well.  In  a  flat  dish  contain- 
ing river-water  and  an  Oxytricha,  there 
lay  some  spherical  eggs  of  the  river-mussel 
Anodonta.  When  the  contents  were 
[Mjured  into  the  dish,  the  Oxytricha  in 
some  manner  came  into  contact  with  one 
of  the  eggs.  It  ran  about  unremittingly 
for  hours  upon  the  spherical  surface  with- 
out being  able  to  leave  it,  since  the  egg 
rested  with  one  point  only  upon  the  level 
bottom  (Fig.  219,  C).  The  organism  must 
have  travelled  an  enormous  distance. 
After  four  hours  it  was  able  to  forsake  its 
enforced  retreat  by  means  of  a  particle  of 
mud  which  came  to  the  isolated  e^. 
Experiments  which  artificially  imitated 
witn  other  Oxytrukae  essentially  the  same 
conditions  give  wholly  analogous  results. 

Jennings^  has  recently  discovered  in 
Parama-cium  another  typical  case  of  posi- 
tive thigmolaxis.  If  a  piece  of  filter- 
jiaper,  or  any  other  substance  provided 
with  a  rough  surface,  be  placed  under 
a  cover-glass  under  which  are  numerous 
ParuTRCEcia  distributed  unifonnly  through 
the  water,  after  some  time  the  piece  is 
beset  with  a  thick  coating  of  the  Infusoria, 
which  touch  it  with  their  cilia  without 
moving  from  their  place.  By  employing 
high  powers  it  is  snown  that  those  cilia 
that  are  in  direct  contact  with  the  foreign 
body  stand  straight  out  and  perfectly  still 
(Fig.  220,  A),  and  that  the  activity  of 
the  cilia  over  all  the  rest  of  the  body  is 
greatly  depressed  and  eventually  wholly  stopped.  There  is  here 
a  very  pronounced  thigmotaxis.  In  connection  with  this  it  is 
noteworthy  that  the  thigm(ttnctic  assemblage  of  Paramceeia  con- 
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^  hat  the  Plasmodia  slowly  crept  from  the  tan  upward  in  the  strip 

^>ver  the  edge  of  the  beaker  and  downward  upon  the  inner  side  of 

xbe  glass,  until  they  spread  themselves  out  upon  the  surface  of 

tbe  water.     By  proper  control-experiments   it   was   jKissible   to 

determine  with  certainty  that  it  was  only  the  streaming  water 

«hich  afforded  the  stimulus. 

Unfortunately  the  rheotactic  properties  of  other  organisms  have 
been  little  investigated.  It  is,  however,  very  probable  that 
rheotaiis  is  wide-spread.  Among  other  cases,  it  is  easy  to  assume 
that  the  human  spermatozoa  are  rheotactic  and  find  their  way  to 
the  e^-cell  by  means  of  this  property.  When  the  si>ermatozi>a 
come  into  the  uterus,  they  meet  a  current  of  mucous  liquid  coming 
toward  them,  since  the  cilia  of  the  epithelium  lining  the  iiterint- 
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f^iG.  220.-TWffmoUxto  of  Pa^t.ri.*r 4.  An  ii.dividiiil  in  contact  with  a  fi>irf  '.f  filt^rr-ittj  er  : 

«•  cilia  that  touch  the  fibre  ilirwtly  htv  *till.     *.  A-scml.Liife  "f  Fn.mH't^-^  u>j-Ait  a  Mt  of 
nlter-pa|ier  under  the  cuTer-tfLv**.    (After  Jvnninirs.; 

^^vitv  have  a  direction  uf  strokt-  tuward  the  os,  and  henc*.-  prfKliici- 
^  current  toward  the  outside.  That  it  is  ch<-iiiotaxis  of  th«f 
fpermatozoa  toward  the  ovum  which  [K»ints  MUt  th**  jwith  to  th<iii 
^^^comes  very  impn.»bable  when  it  is  rememb«'n^J  that  the  s|>«-rina- 
^^2oa  wander  upwarrl  in  the  nt«-nis  Ix-fore  the  ovum  ha<  l*-ft  th«- 
•ovarian  follicle.  As  a  matter  of  tiut  Koth  ('!»3)  has  succeeH*.-<l  in 
-'*nowing  experimentalh  thai  >p»-riiiat«/z«ia  and  lik<'wis«;  r;».Ttain 
-^ffcieria  are  rheotactic.  by  pr«»<lueiiiL'  und'T  th*-  ruvi-r-^^^la-s  a  fi-ebN- 
continuous  current  and  ol>:«-rviiig  that  thr-*-*.'  imie'-llniar  •»r;rarji'*rij- 
'*iove  in  opposition  to  it. 

Asa  thinl  form  of  barotaxi*^  \\r  have  to  con*^id»r  finally  (f*.nlni,.< 
**^-,  the  phenomenon  that  eertain  Mr^Mni^m*^  place  th«.'in-'lv<>  an*l 
'Qove  with  their   m».-<Jian   ax:>  in   a  v»;rv  rif-tinite  din^-ti-.n  ^owjird 
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cumulation  of  Param€ecia  can  take  place,  he  increaseil  by  rotation 

the  pressure   at   the   peripheral   end    in    com[>aris^>n    with    the 

central  end,  and  thus  artificially  imitated  the  conditions  which, 

according  to  the  laws  of  the  earth's  gravity,  prevail  in  a  vertical 

tube.    The  result  was  that  with  not  too  rapid  rotation  of  the  diw: 

the  Paramcccia  collected  at  the  places  of  lower  pressure,  i.e.,  at 

the  central  end  of  the  tube,  a  phenomenon  which  Jensr^n  puts 

beside  geotaxis  as  cerUrcAaxis.    With  a  proper  rate  of  rotation  they 

frequently  accumulated  with  greater  certainty  than  in  the  upright 

tube.    If  they  were  centrifugalised  t«jo  rapidly,  natuniUy  th«.-y 

were  thrown  out  passively  toward  the  periphery  like  heavy  bo<lies. 

Accordingly,  geotaxis,  which  has  occupied  a  peculiar  position  so 

long  in  botany,  must  be  regarded  as  a  special  case  of  barotaxis. 

3.  Phototnxis 

A  ray  of  light  extends  thr*jugh  spa<7e  from  a  s<iurce  of  light  in  a 
straight  direction,  and  diminishes  in  intensity  with  the  distance. 
Hence,  any  two  points  in  the  line  of  the  r^y  possess  diffen.'Ut  in- 
tensities; the  point  that  is  nearer  the  s«iurce  has  the  gn^ater,  that 
which  is  farther  away  has  the  less  intensity.  A  rA\  of  light,  there- 
fore, fulfils  very  completely  thtr  cvrndition-?  that  an.-  necessary  to  the 
appeuance  of  uniJat€'rai  stimulation — in  fact,  it  Is  extremely 
difficult  to  establish  conditions  under  which  an  organism  is 
stimulated  by  light  uniformly  uj»«>n  all  ^^ides.  As  a  result  of  this, 
stimulation  by  light  calls  out  very  jiron«>unr:»rd  dinrctive  eff<<'ts, 
which  have  been  U:TUi^\  phenomena  of  pnotoUi^.is^  and  f'^riii  a 
complete  analogy  to  thcise  of  chemotaxis  and  barotaxis. 

The  phenomena  of  phototaxis  have  r>*ren  known  longe-t  in 
plants;  as  a  matter  of  fact,  plant  physiolo^r}'.  *jii  account  of  the  I'rss 
complexity  of  its  objects  of  study,  was  abN.-  :  •  develop  in  g'rneni! 
into  systematic  complet'eness  much  earlier  than  animal  physiology. 
Even*  one  who  cultivat-es  plant-r  in  a  ry.»m  has  :he  fa/;t  of  }>*>^itive 
phototaxis  daily  before  his  ey»-s.  Hr  -rrrrs  tha:  th*,-  growing  j*art* 
turn  constantly  toward  the  li^rbt  :  ano.  in  ■•H-r  lo  make  a  pLaiiT 
gpw  straight  upward-  he  mus:  Tum  t:^-:  p.-i  aVvut  from  time  v.' 
time  so  that  any  phototactic  cunin^*^  ui^y  Vr  c-.-rjjj>rii">aT.e'i.  Maiiv 
plants  are  so  extremely  photoLa'.ti':-  :hyT  :r.  hry/ni  -uii^biue  ir^  <i 
gwden  they  follow  the  c^.-urse  >'A  \:ik  -u::  :ij  Thi/ir  cun'ing.  F,*: 
example,  in  a  bed  of  blur  ^rfrUTian*  a;l  :r.r  \i^\r>.  *zr:s  ::-r  br  ■?»': 

'  Ponncrlv  •   distinct ic>i-    "vk-^    r.^i^.'it    ''^*r\y^rr*':     ',-.  '.■v.iji.s-j.    Wi'.    ;L»'_i-»v.ivt.?  .-. 

^°*  former  word  sipnifa-ini:  i:j*r  b*v:;:v   r.  ■k.-ti.   •  *;    tr.  .  : .  —  r  *■  .»*  r  :»;.'.  .'V*.*  :^r•;v 

'**  l*tt«er  the  nioremeut  o?  uj'»:.i»r  f.'Tji.- .-L;-    v  *. •   -r'-r-r*--!  ■«:  v   '.:i*:  -»■•.•:*    «*   *  :i' 

~^t_     This  distiii'.i:)'.»t   >  u.»:  '.rjy '-•jjp^tt!-.   «:  •    ••■.'.     :  :::•••.,.■•?»    •  !it   '.u.'".    .  .'-c 

J***t    the  pbcmanieDii  ii;  tii*:  :v.    .-js'*^'  b*'.      -:»'.■•■   r' '    -.:»•!      .  t^v'vr  :    -.c  ■.-*■.- 
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Open  surfac  if  their  gorgeous  blossoras  to  the  sun,  and  in  this 
position  follov  its  alow  movement  throughout  the  day ;  at  evening- 
their  blossoms  have  a  direction  almost  the  oppositw  of  that  in  the 
morning.  In  many  plants,  as  Stahl  ('85)  has  shown  in  the  horse- 
tails, the  direction  of  growth  is  influenced  by  light  iii  a  verv 
interesting  way  even  in  the  spore  ;  in  the  division  of  the  spore-cefl 
the  first  division- wall,  which  divides  the  celt  into  two  parts,  is 
formed  at  right  angles  to  the  direction  of  the  incident  rays  of 
light,  A  characteristic  diflference  in  the  kind  of  phototaxia  of 
the  two  halves  is  noticeable,  such  that  the  rhizoid-cell,  from  which 
the  roots  develop  later,  is  always  turned  away  from  the  soiiree  of 
light,  and  the  prothallium-cell,  from  which  the  parts  above  tht' 
earth  are  derived,  toward  the  source  (Fig.  222). 

Among  animals   "  ■■     ■■         ^j-  j^g]j  ('90)  and  Drieach 

('90)  in  recent   tiii—   i  Jemonstrated  wide-spread 

lenomeua.     But,  althoug^b 

ogether  easy  to   obtain  a 

of  these   phenomena    in 

iiie  ct      ,om  nunity  of  the  plant,  it  is 

much   more   difficult    in   the    complex 

community    of   the    animal    body,    on 

account  of  the  varied  share  taken   by 

the  sense-organs,  the   nervous  system, 

the   motile   organs,   etc.     Hence   it    is. 

advantageous  here  to  turn  our  attention 

primarily  to  the  simplest  relations,  such 

'"■c5i"QT»'i.o^'-taii  mrd^tio     B^  exist  in  the  free-Uving  cell. 

iHSiaSell  th  "3i'r^'rtto°oT^         '^^^  phototactic  phenomena  of  uni- 

nym.    a,   pinttton   of  tbo     ccllulaT  organisms,  observed  by  Priestley 

the '  'iui".tif'  ig\in.'^  ^^lur     and  Ehrenberg,  were  followed  out  more 

""''''■'  fully  by  Nageh,  Hoftneister,  Baranetzky, 

Stahl,   Klebs,  Cohu,  and  other  botan- 

ihtM,  but  the  fundamental  labours  of  Strasburger  first  gave  an 

t'xact  picture  of  the  laws  of  the  phenomena. 

Htnisburger  (78)  made  his  investigations  chiefly  upon  swarm- 
spoFL's  of  various  chlorophyllaceous  Algw,  and  observed  their 
biliaviimr  toward  light  felling  from  a  window  upon  one  side  of  a 
•^iis|nndi-d  drop.  Essentially  the  same  phenomena  were  shown 
by  Hji^'clliited  swarm-spores  of  very  different  species.  The  be- 
hiuKHir  nC  the  swarm-spores  of  Uloihrix  may  serve  as  a  type.  In 
liiHiisid  liiiylight  of  slight  intensity  these  small  flagellated  cells 
hiif-tt'ii  in  straight  paths  to  the  edge  of  the  drop  that  is  turned 
h. Willi!  \.\v  light,  and  collect  there  in  great  crowds.  If  the  in- 
(■.■ii>il,y  lit'  the  light  be  increased,  which  Strasburger  accomplished 
by  bringing  the  preparation  nearer  the  window  or  employing 
ilinrt  sunlight,  with  a  certain  intensity  the  swarm-spores  begin  to 
leave  lh<'  jHisitive  side  of  the  drop,  t.*;.,  the  side  that  is  turned 
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toward  the  source  of  light,  and  betake  themselves  to  the  opposite 
or  negative  side ;  by  further  increase  of  the  intensity  all  collect  at 
the  latter  side.  There  exists,  therefore,  a  point  in  the  intensity, 
toward  which  the  swarm-spores  rush,  going  toward  it  from  both 
higher  and  lower  intensities— a  phenomenon  that  Strasburger 
termed  pliotometry.  There  is  here  a  complete  analogy  to 
chcmotaxis ;  the  latter  is  positive  up  to  a  certain  concentration  of 
the  effective  substance,  but  from  there  on  with  increasing  con- 
centration is  negative,  so  that  the  term  chemometry  is  justified. 
Quite  analogous  to  the  behaviour  of  the  swarm-spores  of  Ulothrix 
is  that  of  the  swarm-spores  of  C/uetomorpka,  Viva,  HcBmatococeus, 
and  some  other  Alga,  as  well  as  the  flagellate  infusorian  Ghilo- 
monas  ParamcEcium.,  and  the  colourless  swarm-spores  of  the 
ChytHdwc,  all  of  which  are 
positively  phototactic  with 
feeble  intensity  of  light,  and 
negatively  phototactic  with 
stronger  intensity.  There 
are  forms — e.g.,  the  swarm- 
spores  of  Botrydium  granu- 
latum — which  show  positive 
phototaxis  in  all  intensities. 
Next  to  these  researches 
of  Strasburger  comes  a 
whole  series  of  observations 
by  other  investigators,  who 
have  been  able  to  find 
phototactic  phenomena  in 
all  sorts  of  micro-organisms. 
Thus,  Stahl  ('84)  investi- 
gated    the    phototaxis    of 

^Plasmodia  of  Myxomycetes, 
previously  observed  by  Hof- 
meister  and  Baranetzky,  and 

'  found  that  young  plosmodia 
of  Aethalium  septicum.  ore 
positively  phototactic  in  half-darkness,  and  creep  upon  the  surface 
of  tan,  but  with  stronger  illumination  they  become  negatively  photo- 
tactic, and  flow  back  again  into  the  interior  of  the  mass.  Further, 
Engelmann('81,3;'83)  found  in  Bacterium  chlojnnuma.ndSacterium 
ph^ometricam,  two  forms  that  possess  phototactic  properties  and 
collect  together  in  the  light.  Engelmann  ('82),  Stahl  ('80).  Aderhold 
('88),  and  others  '  discovered  phototactic  phenomena  also  in  the 
£Hatomc<€  and  the  Osciliarim,  which  behave  exactly  as  the  swarm- 
spores  of  Alga  and  form  very  pronounced  assemblages  (Fig.  223). 
Finally,  Stahl  (/.c),  Klebs  ('85),  and  Aderhold  {l.c)  demonstrated 
■  Cf.  VerwornCSO,  1). 

G   Q 
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In  the  middle  of  the  dmp.  Hjo  OTKiulBmi  have 
&U  crept  (owHrd  the  odge  Cunied  toward  the  aun. 
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phototactic  ovements  in  the  Dcsmidincex,  and  ahowod  that  these 
aiga-cells  place  theraselves  with  their  long  axis  ])arallel  to  the 
light-rays,  and  in  this  pusition,  by  the  extrusion  of  their  secretion, 
move  along  the  bottom  in  their  peculiar  manner  toward  the 
source  of  hght,  or  with  greater  intensity  away  from  the  sourci; 
(Fig.  224).  In  a  preparation  containing  living  Clmteria '  or  PUurii' 
ttenicE  all  individuals  place  themselves  with  their  long  axis  parallel 
to  one  another  and  to  the  direction  of  the  incident  light-raya. 
Thus,  we  find  that  among  unicellular  organisms,  so  far  as  they  are 
irritable  at  all  to  light,  phototaxis  is  a  wide-spread  phenomenon. 

After  phototactic  phenomena  had  been  discovered,  the  question 
necessarily  arose  as  to  whether  the  different  rays  of  the  spectnitn 
are  phototactically  effective  in  an  equal  degree  ;  this  was  decided 
very  easily  hy  the  miroduc  >ured  glasses  and  solutions 

between  the  source  of]  ject.     The  media  employed 

were  so  chosen  that  nlyrays  of  a  certain  port" 

of  the  spectrum,  so  ,  certain  wave-lengths  — 


fiQ.  :.'-^4.-rhDMIaxi>otn«lrnun.    The  li^t  camM  tram  the  right  aldv. 
the  dlKcllon  of  monnuent  ol  tho  OiiMcnum. 

allowed  to  fall  upon  the  organism  (Fig.  225).  In  this  way  Cohn, 
and  later  Stmsburger,  established  the  fact  that  in  general  the 
rays  jjosse.'oing  a  short  wave-length,  in  other  words,  the  blue  and 
thi-  vinlet  especially,  are  more  effective  than  those  having  a 
greater  wave-length,  viz.,  the  red;  with  not  too  high  degrees  ol 
intensity  the  latter  act  like  complete  darkness. 

One  point  more  deserves  mention  in  the  discussion  of  photo- 
tactic phenomena.  From  the  preceding  consideration  and  by 
analogy  with  the  directive  effects  of  other  stimuli  it  is  evident 
that  only  the  difference  in  the  intensity  of  the  light  upon  different 
parts  of  the  body  can  produce  a  directive  effect ;  where  the 
stimulus  acts  upon  the  surface  of  the  body  from  all  sides  with 
equal  intensity,  the  reason  for  a  definite  axial  position  disappears, 
as  is  tn  be  observed  most  clearly  in  the  action  of  chemical  stimuli 
upon  all  sides.  Although  this  is  obvious,  some  iiivestigaton, 
such  as  Sachs  and  Loeb,  have  believed  that  the  direction  of  the 
rays  is  more  responsible  for  the  manifestation  of  phototactic 
phenomena  than  are  differences  in  intensity.  Ii  is  difiicult  i 
'  C/.  p.  23L 
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■■  this,  for,  since  the  assumptiuii  of  an  axial  direction  is 
possible  only  when  differences  oxist  at  two  different  points  of  the 
snrface  of  the  body,  it  ia  wholly  mystical  how  the  direction  of  the 
rays,  which  is  the  same  upon  all  sides  of  the  body,  can  produce 
such  an  effect.  In  nature,  under  ordinary  conditions,  the  decrease 
in  intensity  coincides  with  the  direction  of  the  rays,  and  hence  we 
always  see  the  phototactic  movement  take  place  in  this  direction. 
But  the  decrease  in  intensity  can  very  easily  be  experimentally 
separated  from  the  direction  of  transmission  of  the  rays.  Olt- 
manns  ('92),  making  use  of  an  idea  ah^ady  employed  by  Stras- 
burger,  devised  a  very  excellent  contrivance  for  this  purpose.  He 
made  a  wedge  of  two  glass  plates,  which  were  inclined  toward  one 


ut  ■  uluUon  of  potuilum  bichronuts :  (,  of  in  unliioDUciiI  »luUuti  uf  &  mipric  BolC. 

another  at  an  angle  of  2°,  and  filled  the  space  between  the  plates 
with  gelatine  clouded  with  India  ink.  This  wedge  let  through 
nearly  all  the  light  at  its  thin  end,  while  at  its  thick  end,  where 
the  gelatine  was  darkest,  it  absorbed  much  light.  If,  therefore, 
the  bght  fell  perpendicularly  upon  the  surface  of  the  plates,  the 
greatest  decrease  of  intensity  for  objects  within  a  dark  box 
behind  the  wedge  lay  at  right  anglea  to  the  direction  of  the 
incident  rays.  By  means  of  these  plates  and  the  employment  of 
the  proper  intensities  of  light  it  may  actually  be  proved  experi- 
mentally that  it  is  not  direction  of  ray,  but  solely  difference  in 
intensity  upon  different  portions  of  the  sur&ce  of  the  body,  that 
produces  phototactic  phenomena. 

4.     Thermoiaans 

Heat,  like  light,  can  be  employed  very  easily  for  unilateral 
stimulation,  since,  whether  transmitted  by  conduction  or  radiation. 
it  always  decreases  with  the  distance  from  its  source,  and  hence 
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differences  of  temperature  always  exist  at  two  different  jtoints  in 
the  medium  in  the  same  direction  from  the  source. 

The  first  observation  of  thermutactic  properties  was  made  by 
Stahl  ('84)  in  plasmodia  of  Aetkalium  ieptieiim.  He  placed  two 
beakers  side  by  side,  one  of  which  was  filled  with  water  at  a 
tempemture  of  7°.  the  other  with  water  at  30°;  he  then  laid  over 
their  edges  a  strip  of  filter-paper,  upon  which  the  plasmodium  had 
spread  itself  out,  in  such  a  manner  that  one  end  of  the  plasmodinm 
dipped  into  the  colder,  the  other  into  the  wanner  water.  The  pro- 
toplasm of  the  plasDiodial  network  at  once  began  to  stream  out  of 
the  former  toward  the  latter,  although  before  the  experiment  the 
opposite  direction  had  been  followed.      The  whole  prot^iplasmtc 


mass  finally  passed  over  to   the  warm   water.      This   is   a  case 
of  positive  thermotaxis. 

Negative  thermotaxis  can  be  observed  in  Avueha^  when  a 
temperature  of  at  least  35°C.  is  allowed  to  act  upon  one  part  of 
the  body  while  the  rest  of  the  protoplasm  is  at  a  lower  temperature. 
This  can  hardly  be  accomplished  by  means  of  conducted  heat. 
Radiating  heat  and  the  following  arrangement  should  be  em- 
ployed. A  large  drop  of  water,  containing  many  individuals  of 
Amelia  limaa:,  is  placed  upon  a  large  thin  cover-glass  and  the 
latter  is  laid  upon  a  gla-ss  plate  cemented  to  black  paper  and  placed 
upon  the  stage  of  the  microscope.  In  the  middle  of  the  jHiper  is  a 
small  hole  with  very  sharp  edges.  The  concave  mimir  of  the 
'  qf.  Verwom  ('88,  1). 


ir 
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microscope  in  so  placed  that  it  receives  bright  sunlight  and  reHects 
it  through  the  diaphragm.      After  the  introduction  of  an  opaque 
plate  between  the  stage  and  the  mirror,  an  Amaba  is  so  placed  by 
the  aid  of  direct  light  that,  its  direction  of  motion  remaining  con- 
stant, it  must  creep  beyond  the  edge  of    the  black  paper.       As 
soon  aa  the  anterior  end  of  the  AmiSa  has  passed  over  the  edge  of 
the  opening,  the  opaque  plate  between  the  mirror  and  the  stage.is 
suddenly  removed,  so  that  the  ctmcentrated  rays  of  the  sun  fall 
upon  that  end,  while  the  posterior  end  is  still  in  the  shade  of  the 
paper.      The  result  is  that  the  Avtaba  immediately  changes  its 
direction  and  flows  back  into  the  shade  (Fig.    226).     That  this 
is  a  pure  heat-effect  of  the  sun's  rays  and  not  a  light-effect  can  be 
decided  at  once  by  excluding  either  the  chemically  acting  light- 
rays  by  the  introduction  of  an  absorbing  solution  of   iodine  in 
carbon  bi-aulphide.  or  the  heat-rays  by  the  introduction  of  plates  of 
ice  or  alum.     In  the   former  case    the  thennotactic  effect  is  as 

1 

Fm.  327.-ThonnnU,l.  of  Par.i.cK.-™.      In  ■  likck  eboDKo  trough,  10  cm.  I.i  lonKth.  im 
immerous  Fara-n-^., ;  imoi.  unitaU.*!  wurolna  of  th«  Iroutfl.  lo  ai'-SS"  C.  they  iiid«..  lowu^ 

distinct  as  in  pure  sunlight,  in  the  latter  it  is  wanting  in  spite  of 
the  great  illumination.      Careful  tests  show  that  Afnteba  is  not  at 
all  irritable   to   light.      But   thermometric   measurement   of  the 
temperature  in  the  drop  directly  over  the  opening  in  the  black 
paper  shows  that  at  least  a  temperature  of  35°  C.  aiust  be  reached, 
if  the  effect  is  to  appear. 

The  thermotactic  action  of  different  degrees  of  temperature  may 
be  studied  beat  in  cilate  Infusoria,  like  Parnmaeium,  which  can 
be  bred  in  great  numbers.      If  a  small  ebonite  trough  be  placed 
upon  a  metallic  plate,  and  liquid  containing  ParaToaxia  bo  placed 
in  it.  by  warming  or  cooling  differences  in  the  temperature  which 
can  be  measured  by  a  thermometer  can  be  obtained  at  the  two 
ends  of  the  liquid.     These  differences  have  a  pronounced  thenno- 
tactic effect  (Fig.  227).     The  accompanying  apparatus,  constructed 
by  Mendelssohn  ('95),  allows  heating  or  coohng  with  hot  or  cold 
water  (Fig.    228).       With  this  it  is   shown  that  ParavioKia  at 
temperatures  of  more  than  24"  C.  to  28°  C.  are  negatively  thermo- 

tactic.  i(.,  s^  ra  in  crowds  away  from  the  warmer  side,  while  1 
temywratiires  below  this  limit  they  show  [joeitive  thermotaxis,  stH  _ 
they  leave  the  cooler  side.  There  is  here  a  phenomenon  com- 
pletely analogous  to  chemotaxis  and  phototaxis,  in  which  the 
organisms  likewise  turn  from  both  sides  toward  a  certain  degree  of 
intensity  of  the  stimulus.  A  siniule  calculation  shows  how  small 
the  difference  in  temperature  can  be  at  the  two  j>olea  of  the  body 
of  the  ParamrFcium,  and  still  produce  a  themiotactic  effect.  The 
length  of  the    surface   of   the    liijiiiii,  the   smallest  just  effective 


ditfcrLi  ces  m  tem[M-nt\ire  at  its  two  ends  and  the  length  of  the 
bodv  ot  the  J  aramaeium  must  be  know  n  In  such  a  calculation, 
which  fcourst,  can  give  only  approximate  values  Jenst-n  found 
that  Paravtaca  are  still  thennotactic  when  at  the  tw  end")  of 
their  bod\  02mm  mlength  a  difference  of  temperaturt  Df001°C. 
]jre   1 1        Tl  h  r      xj  ressed  a  dt.hcacy  ot  distinction  in  the 

1  I    m  il  gies  b  th  lu  tht  data  obtained 

t  th      light  1  ff  rtnc        f  stimulus 

H  ]  \      1    t     hich  leave  the  differential  capacity  of 

th    )        111  c  n    1    mi  es.  f  ir  behmd 
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5.  Galvanotaxis 

I^y  <;!^^aracti>rist.j^  of  t.hf>  grnlvamV  pnrr^mt.  that  it  al-^^yg /^iiU« 
Ottt  phenomena  of  p(\\^x  ^^^^^^t»t^nn.  As  a  result  of  this,  stimulation 
\[j  the  constant  current  is  especially  well  fitted  to  exercise  directive 
^fects.  Since,  further,  the  current  can  be  graduated  in  intensity 
TCiy  delicately,  and  its  direction  can  be  readily  controlled,  it  affords 
avei)'  perfect  means  of  producing  experiiiien tally  directive  reactions 
in  their  most  exact  fonn,  and  with  the  certainty  of  physical  pheno- 
mena. The  galvanotactic  phenomena  of  motile 
organisms  remind  one  of  the  effects  of  the 
m^et  upon  iron  particles. 

The  galvanotactic  phenomena  of  animals 
were  first  discovered  by  Hermann  (*85),  in  the 
]ar?iB  of  frogs  and  the  embryos  of  fishes.  He 
observed  that  when  a  galvanic  current  was 
conducted  through  a  vessel  containing  these 
animals,  upon  the  making  of  the  current  all 
placed  themselves  with  their  long  axis  parallel 
with  the  curved  lines  of  flow  of  the  current, 
80  that  their  heads  were  directed  toward  the 
anode  and  their  tails  toward  the  kathode.  In 
this  position  they  remained.  Analogous  effects 
have  been  observed  more  recently  and  upon 
various  other  higher  animals  by  Nagel  ('92,  '93, 
'95),  Blasius  and  Schweizer  ('93),  and  latest 
by  Loeb  ('96,  2,  3,  4 ;  '97,1,2). 

Galvanotactic  phenomena  have  also  been 
imnd  in  plants,  especially  the  root-tips  of 
many  plants;  when  the  constant  current  is 
sent  through  them  for  a  considerable  time,  the 
tips  bend  toward  the  kathode. 

But  most  striking,  and  theoretically  most 
interesting,  are  the  phenomena  in  free-living 
onicellular  organisms,  such  as  BJiizopoda,  leuco- 
cytes, Infusoria,  etc.^ 

In  order  to  investigate  the  galvanotaxis  of 
these  organisms,  we  can  best  employ  the  aljove- 
described  slide  with  non-polari.sable  clay-elect nxles,  or  non-pjlaris- 
able  electrodes  that  are  arranged  like  camers-hair  brush-electro^les 
hut,  instead  of  the  brush,  have  tips  made  of  fired  clay  which  can  b«; 
dipped  into  the  liquid  through  which  the  current  is  to  l)e  sf.-nt 
(%  229). 

If  a  few  drops  of  water  containing  many  Paniiac^cia  b<;  placed 
^  the  slide  between  the  ijarallel    pieces  of  clay 


Fu 


221».  —  NoD-pubuiM- 
ttble  elc<'trorle,  which, 
iriHtvad  of  tho  caiDd'H- 
luiir  bninh  haM  a  tip 
riuide  of  fired  clay. 


e    Hh 


^  Cf.  Verworn  ('89,  2,  3  ;    92,  2 ;    %,  4;  and  Ludlol 
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electrodea  (Fig.  230>.  aud  a  coastaot  corrent  be  passed  tbroogh 
tfae  Liquid  from  two  brush-eiectrodes  laid  upon  th«  clay  pieces,  at 
the  moQieDt  of  making  all  tb«  Faramaeia  plaoe  themselves  with 
tlw  oaterim-  poles  of  their  bodies  toward  the  kathode,  and  swim 
freely  towara  the  Utter  in  a  dense  crowd.  la  a  few  seconds  the 
aaode  is  whollydeserted.andat  the  kathode  there  is  a  dense  s 


which  remains  aa  long  as  the  circuit  is  closwl  If  now  the  current 
be  reversed,  bo  that  what  was  before  the  anode  becomes  thu  kathode, 
and  vice  verm,  the  whole  swonn  rushes  over  in  one  mass  to  the 
opposite  Hide,  and  collects,  as  before,  at  the  kathode.  This  expen- 
Dient,  which  becuuse  of  the  great  exactness  of  the  reaction  is  very 
fancinating  to   the  observer,  can  be  rei>eated  as  uflL'n  as  desired 
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If  the  current  be  broken,  the  asscmbhigo  disiip^M'iirs  frotn  tho 
kathode,  and  the  Paramoecia  scatter  theinselvos  a^iin  tinifornily 
thioaghout  the  liquid.  If  the  Parama'cia  \m}  put  into  a  largi' 
drop  upon  a  glass  plate,  and  the  pointiMi  eloctnKloH  Ix'  dip]NHl 
into  the  drop,  upon  making  the  current  the  infusorians  arnmuo 
themselves  in  the  direction  of  the  curved  linos  of  flow  «)f  tm' 
current  like  iron  filings  above  a  magnet,  and  swim  in  thiHdinvtioii 
(Fig.  231)  until  they  nave  reached  the  kathcMle,  behind  wliich  t.licy 
collect  in  a  dense  swarm.  If  the  kathodic  i^lectrodo  ho  niado 
movable,  so  that  its  position  in  the  drop  can  be  changed  at  will,  it 
is  possible  to  direct  the  Paramceda  with  the  point  of  tho  oloctnMlr 
i^ierever  one  wishes,  just  as  tin-fishes  may  bo  <lirectod  in  waU'r 


♦  - 


A  li 

o.  iZSl.-OalTaaoUctlc  curves  of  flvrimminf;  P'i,-n,i.tfr,n,  ifijiit^yl  r.h'.rtvi'if.*  U^iiii^  •i«o'l  in  Th«- 
dropoi^rnxm.    A,  Bcgiunini;  of  thu  uffcct;  /i,  f>tu]A*it':(l  i*A-i4:tuhlitf(h. 

wit^h  a  magnet.      Since  the  motion  of  tho  Parf/mmci/i  in  f\'ir(*.f:U'j\ 
.owHrdthe  kathode,  this  case  may  be  terrn^rd  hithoflin  gahanofarU.         i 

Like  Paranutcium,  the    majority  of  the  oiliat*;  I nJvA^rrm  ar«r 

VLathodically  galvanotactic.      Among    oth*;r    Prr/uta    that   <<how 

tlie  same  phenomenon.  Amtr.hft  a  Ion*'  rnay  l>*r  m*;ntionf:'J.     Am^f.ha 

Uihoj:,  when  the  current  Ls  mad^*.  aV^andon.-?  ir..-^  original  *\\T(:fXutX\  \ 

its  pscudopodia  flow  forward  towari  th^r  kath«yK;..  th^;  whoUi  \}rf*lO' 

plasmic  mass  streams  aft*-r.  and  the    \}>Ay   a-t-iurfitrH  th^;  typir-^I 

extended  creeping  form,  in  which  ir,  ri«jw-  iin*:rrin;rly  t*»  trt*--  lcat.h//l^j. 

Other  forms  of  Amoaba.  such  fin  AiotKh./.  frrjf*ti.i  (Vi^.  2ip2)  Arn/^J^f 

ottTueosa,  and  Amrt:i*y  JinfnK!t.i  tp'ix   2:^:'ii    yf-riAv^-.  in  ^U  T^-y\)f(:f\r< 

similarly. 

If  any  flagellate  Infv  .v.-nj  /  ••  h  ■  i  v  a  r^-  r.  ^i   !  . .  r  ■  #  r  i  p  *•  ***  i  *  • :  ' « *  *^  Ir.  -^  ?:  '  >  r 
the  aoove-mentii'in*rd  -:■  vt^t.  :.-r. .  -       I :    ^  •]     •-.  ■  ■  i r.  - ' /t  n  ^   -  =  i  rr  ■  r.  *   ' .« • 
J*ssed  thp»ugh  a  dr-p  in  ^;.;  r.  i.^  --  ^i.'/ ■  ..  .  ..  >r  .:'  ..".•':,    ■:.,*.•  r 
we  small  egg-*hap»Hi  .-t+rvi-^   F\'  :^-\  ••'     ■•■  -i    » ..,'  r.  ...•/         •  .■./: 
the  water,  revolving  -N-.r":-  :/i..     jo.-.^  '•.■.  ;•  -.  ^.^    ,     .:.-.^.  .- 
/voflagella  iYix   iU.    .n.r    '...:^..'.^-  ■ 

'flimefliately  turn  :h-:r  ir."r:*:  .:•  ±-.7     .-.  ■-.      .■.•    ■.  *  :• .  -.-    *. 

*M  tr>&^lv  T-wim  in  •o-..'  :.-.:.  ;...i.'..".    ■   -  .•:  /         .1,       »    .  • 
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they  collect  in  dense  crowds.  After  the  breaking  of  the  cnrrenll 
they  scatter  agnin  uniformly  throughout  the  drop.  Palptonuu 
therefore,  behaves  toward  the  twi>  electrodes  exactly  tha 
reverse  of  Farnmacium ;  in  contrast  to  the  latter  it  is  aTwdinUl^ 

i/aJvanotadic. 


.m 


™nT  T 


I  tho  rtehl, 
Tow»  iudlcal 


A  very  fascinating  spectacle  results  from  exjwsing  to  the  iufluen 
of  the  current,  at  the  same  time.anodicallygalvanotactic/n/'Ksor 
e.g.,  a  flagellate  form,  such  as  Puhjtovia,  and  kathodically  galvano^ 
tactic  forms,  e.g.,  a  small  ciliate  genus,  such  as  Halteria  (ii 
Plmronema.     The  previously   inextricable  intermingling   of  th« 


..  'JS3.~0«lv«iuUxli  a[  AHUrba  iligltiiu. 


two  forms  ceases  at  once  aftrcr  the  making  of  the  current.     1 
Odiata  collect  at  the  kathode,  the  Fla^tUata  at  the  anode.     Ai 
a  short  time  the  liquid  is  entirety  deserted  in  the  middle,  and 
two  assemblages  are  sharply  separated  from  one  another.     If  c 
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the  current  be  reversed,  so  that  the  previous  anode  becomes  the 
kathode,  and  vice  versay  the  two  crowds  of  Infusoria  rush  toward 
one  another  like  two  hostile  armies,  cross  and  again  assemble  at 
tht^  opposite  poles.      There  are  few  physiological  experiments  that 


A>"- 


m. : 


+* 


iwW>- 


Kiu.  234.— Galvanotaxis  of  Pdytoma  uvtUa.    A,  Resting  qiiietly  ;  B,  swimmi'^g  toward  the  anodu 

after  the  making  of  the  constant  current. 

are  so  pleasing  and  graceful  as  the  galvanotactic  dance  of  the 
Iiifusm^, 

A  third  form  of  galvanotaxis  is  shown  by  the  ciliate  infusorian 
Spirostomum  ambiguum}  If  these  elongated  Infusoria,  which  can 
be  perceived  even  with  the  naked  eye  as  small  white  fibres  c.  2  mm. 
in  length,  be  placed  in  water  between  parallel  clay-electrodes,  it  is 
seen  that  upon  the  making  of  the  constant  current  they  draw 
together  suddenly  by  the  sudden  contraction  of  their  myoid-fibres, 
but  do  not,  as  might  perhaps  be  expected,  swim  toward  one  or  the 
other  pole.  Instead  of  this,  by  means  of  their  ciliary  motion 
accompanied  by  much  bending  of  the  body,  they  gradually  turn  so 


Fig.  236.— Galvanotaxis  of  Spirottonium  ainbiffuum.    After  the  making  of  the  current  the  Jn/vsona 
place  themselves  with  their  long  axis  at  right  angles  to  the  direction  of  the  current 

that  their  long  axes  are  at  right  angles  to  the  direction  of  the 
current,  and  maintain  this  position,  although  constantly  bending 
and  twitching  their  long  bodies  (Fig.  235).  This  form  of  gal- 
vanotaxis may  be  termed  transverse ,      In  other  organisms  trans- 

1  Cy.  Verworn  ('92,  '96). 
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verse  galvau  taxis  has  not  been  observed  thus  tar,  although  it  ia 
scarcely  dountful   that  it  will  yet  be   found  to   occur   in    othi 

unicellular  organisma 


C.   THE   PHENOMENA   OF  OVEK- STIMULATION 


« 


When  the  Athenians,  under  the  leadership  of  Miltiades,  had 
gained  the  victory  of  Marathon,  one  of  the  soldiers  named  Eiukles. 
still  hot  from  the  struggle,  hastened  from  the  battle-field  to  Athens 
in  order  to  be  the  first  to  bring  to  his  countmoen  the  news  of  the 
victory.  Plutarch^  who  has  given  us  the  anecdote,  telLs  of 
the  dramatic  fate  of  this  runner  of  Marathon.  When  Eukles 
entered  Athens  exhaustefl  L  '  i:m  rt  of  the  long  run,  he  still 
had  power  to  call  out  to  his  cuumirymsn  the  news  of  the  victory 
in  the  words  "  Xalpere,  y(^aipo/tev  1 "  wV.ereupon  he  fell  dead.  One 
of  our  modem  sculptors.  Max  Krusi  has  illustrated  this  tale  by 
his  figure  of  the  runner  of  Marathon  low  in  the  National  Gallery 
at  Berlin,  and  has  given  striking  exp.-cssion  to  the  physiological 
phenomena  of  total  exhaustion. 

The  cause  of  the  tragic  end  of  Eukles  was  his  excessive 
muscular  exertion.  Under  the  influence  of  long  duration  or 
great  intensity  of  stimuli,  changes  gradually  appear  in  the  living- 
substance  which,  when  they  have  reached  a  certain  extent,  ieaid 
to  death.  In  the  following  pages  we  will  examine  somewhat  in 
detail  the  phenomena  resulting  from  over-stimulation. 

1.  Fatigue  and  Exhaustion 

If  a  living  object  be  stimulated  by  long-continued,  oft-repeated. 
or  very  strong  stimuli,  after  some  time  it  passes  into  the  condition 
of  fatigue.  The  general  characteristic  of  fatigue  is  a  gradual 
decTuasc  of  the  imiiapilny  oi  the  hvtng  su^fance.  I'his  is 
expressed  especially  in  tne  tact  that  with  increasing  fatigue,  the 
iiitfiitfity  of  the  stimulus  remaining  the  same,  the  result  of  the 
stimulation  becomes  constantly  less. 

W'e  have  already  become  acquainted  with  some  examples  of 
thi^  fact  in  considering  galvanic  stimulation.^  If  a  constant 
ciiiTcnt  of  average  strength  be  passed  through  an  Aclinosphterium, 
at  the  moment  of  making  there  begin  to  appear  at  the  anode 
marked  phenomena  of  contraction.  The  protoplasm  of  the 
leeudopoaia  flows  centripetally  until  the  latter  are  drawn  in. 
Then  the  walls  of  the  vacuoles  break ;  and  a  granular  disintegra- 
tion of  the  protoplasm  results,  which  proceeds  constantly  farther 
from  the  kathode  during  the  passage  of  the  current.  This  dis- 
'  0/  bibliography.  ■  Cf.  pp.  422  and  423. 
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integmtion,  beginning  vdth  great  energy,  becomes  slower  and 
less  extensive  the  loneer  the  current  flows,  and  after  some  time 
is  at  a  complete  standstill.  This  means  that  the  living  substance 
rf  the  ActinospJutinum  becomes  fatigued  in  the  course  of  the 
oontinual  stimulation,  and  decreases  in  irritability;  hence  the 
stimulus,  which  at  first  induced  pronounced  phenomena  of 
disint^ration,  later  produces  no  reaction  at  all.  Pelmnyxa 
is  &tigued  still  more  rapidly  than  Actinosphocrmm,  Stimula- 
tion for  a  few  seconds  is  sufficient  to  make  individuals  of  this 
gams  wholly  non-irritable  to  currents  of  equal  intensity; 
a  much  greater  intensity  is  then  required  to  call  out  the  same 
reaction. 

In  contrast  to  these  forms  of  living  substance  which  become 
itigued  very  rapidly,  nerves  seem  to  be  incapable  of  fatigue; 
tias  &r  it    has   been   impossible   by   continual   stimulation   to 
demonstrate  in  them  fatigue  phenomena.     That  nerve  is  really 
incapable  of  fatigue  is  in  the  highest  degree  improbable.     Since, 
like  all  living  substance,  it  has  a  metabolism  so  long  as  it  lives, 
and  since  its  irritability  is  extinguished  with  its  life,  it  must  be 
supposed  that  its  irritability  is  associated  with  its  metabolism, 
and  that  every  excitation  produces  a  change  in  its  metabolism. 
Possibly  these   changes  are   so   slight   that   fatigue   cannot    be 
demonstrated  at  all  by  the  methods  that  have  been  used  hereto- 
fore.   To  conclude,  therefore,  from  the  apjiarent  incapability  of 
Catigue  that   the  function   of  nerve   is    entirely  indej>endent  of 
metabolism,  and  is  like  the  capacity,  of  copper  wire  to  conduct 
galvanic   currents,  is   quite   unjustified.     Nevertheless,  it    would 
be  important  to  investigate  the  question,  whether  in  nerves  the 
changes  of  metabolism  produced  by  stimulation  are  not  perhap.^ 
compensated  by  the  metabolism  as  soon  as  they  appear,  so  that 
within  a  limited  time  no  phenomena  of  fatigue  become  noticeable 
externally.     That  such  a  condition  is  very  easily  jxjssible  is  shown 
by  the  behaviour  of  another  object — viz.,  cardiac  muscle.   Although 
from  long  before  birth    up   to   death    the   heart-muscle    labours 
uninteTruptedly,   under  normal   conditions   it    does   not   beconu* 
fetigned,  oecause  the  changes  resulting  from  its  activity  become 
compensated  in  its  metabolism.     Nevertheless,  it  is  capable  of 
fiaitigoe,  when  for  any  reason  it  is  obliged  to  make  excessive  eff'orts. 
This  is  the  case  in  certain  diseases.     The  phenomena  of  fatigue 
become  then  apparent,  not  at   once,  but  in  the  course  of   long 
spaces  of  time,  and  even  the  substance  of  the  muscle  ch;ing<.*s 
pro/bundly,  until  its  movements  wholly  cease.      Then    death  l)y 
paralysis  of  the  heart  results. 

W^'hile  cardiac  muscle  is  thus  capable  of  fatigue  only  except  ion - 
^'/r>  in  the  tissue  of  skeletal  muscles  fatigue  phenomena  an-  v»rv 
^^Ay    induced.      Fatigue  has  been  stuflied  most   fully  an<l  nmM 
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frequently  in  the  cross-striated  skeletal  muscles  of  vertebrates. 
Since  by  means  of  the  graphic  method  muscular  movement  can  be 
recorded  and  its  individual  factors  made  visible,  the  progressive 
fatigue  of  the  muaeie  can  be  studied  very  conveniently  in  the. 
change  undei:gone  by  the  curve  that  the  contracting  muscle  records. 
Mosso  ('91)  has  done  this  in  the  living  man  by  means  of  hi» 
ergograph,  and  has  presented  the  results  in  his  eicellent  and 
fascinating  book  entitled  "ia /"wiwa."  The  ergograph  is  a  small 
apparatus  in  which  the  arm  of  a  man  is  fastened  by  means  of  a 
holder,  while  one  finger  is  free  to  move.  This  finger  is  connected 
by  a  cord  with  a  writing-lever,  which  records  upon  a  rotating  drunj 
nil  the  movements  of  the  finger  that  take  place,  either  voluntarily  or 


Fio.  23e.^HDWiaiMirgngrB!>)>.    (After  Bli 


involuntarily  as  the  result  of  electrical  stinuilation.  A  weig^ht 
can  be  hung  upon  the  cord,  and  thus  the  work  performed  by  the 
fiexor  muscles  of  the  finger  can  be  changed  at  will  (Fig.  236X 
By  means  of  this  apparatus  it  can  be  shown  very  clearly  that,  with 
the  stimulating  induction-shocks  remaining  constant  in  intensity 
and  following  each  other  at  equal  intervals,  the  work  performed 
by  the  muscles  constantly  decreases,  and  finally  becomes  equal  to 
zero.  This  is  expressed  in  the  curve  of  contraction,  which  gives 
only  the  extent  of  the  contraction,  by  a  constant  decrease  in  the 
height  of  the  lift  (Fig.  237).  After  a  course  of  contractions  it 
requires  considerably  stronger  stimulation  to  produce  hirther  con- 
traction of  the  fatigued  muscles  equal  in  height  to  that  at  the 
beginning.  The  details  of  the  change.^  are  more  readily  visible 
when  the  successive  contraction-curves  of  a  frog's  leg  are  recorded 
liver  one  another  upon  a  myograph  from  the  beginning  of  the 
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scries  nn,  as  Marey  ('08)  did  a  long  time  ajfo.  Then  it  is  found 
that,  as  Helnihi)ltz  discovered,  with  increasing  fatigue  not  only 
does  the  curve  decrease  in  height,  but  it  becomes  Tnore  extended. 
its  descending  limb  especially  undergoing  a  lengthening.  In  other 
words,  the  work  done  by  the  muscle  becomes  less  while  the  dura- 
tion of  the  contraction  inci"eases.  The  latter  phenomenon  depends 
chiefly  upon  the  increasing  duration  of  the  stage  of  expansion. 
The  fatigued  muscle  needs  more  time  to  extend  to  its  complete  i 
length. 

The  phenomena  of  fatigue  appear,  perhaps,  still  more  clearly 
upon  stimulation  by  the  tetanizing  current  than  by  single  induc- 
tion-shocks.    If  the  curve  of  te- 
tanus of  a  frog's  gastrocnemius 
muscle,     not     too     strong     and 
weighted,    be    recorded    upon    a 
rotating  drum,  it  is  seen  that  it 
continues  at  its  original   height 
tor  a  long  time,  and  follows  ii 
straight    line   (Fig.   238).      Bi 
after  some  time  it  begins  slowi 
to   fall,   and.   not   rarely  at   t\ 
same  time,  small  irregularities  ii 
its  course  become  visible,  whic 
are   due   to   the    fact    that    th 
muscle  begins  to  tremble.     Tl 
curve  contmues  to  fall  gradual!; 
If  the  stimulation  be  interrupts 
the  curve  usnally  does  not  sink  ; 
once  to  the  level  of  its  startin^-- 
point,  but  remains  some  distancf 
above  the  latter,  and  only  in  the 
course  of  a  considerable  tune  re-  D«iTept>iitncUDD><iftiii<n<MuriuiuicioH 

t  turns  to   it.     Hence   there   is   a  ofth^dag.™.  (Atu-rM™,.) 

I  considerable  cow/mrfion-rentrttJM/er 

I  in  the  fatigued  muscle  after   the   end  of  stimulation,   and   the 
muscle  assumes  its  original  length  only  very  slowly. 

It  is  of  great  interest  that  microscopic  changes  have  been 
observed  in  fatigued  tauscle.  Of  a  number  of  wholly  similar 
blue-bottle  flics  {Mmca  comUorUi)  H.  M.  Bernard  ('94)  kept 
some  in  continual  motion  by  constantly  exciting  them,  until 
they  fell  to  the  ground  completely  exhausted.  The  iatigued  flies 
were  at  once  killed  simultaneously  with  the  others,  which,  in  the 
meantime,  had  remained  at  rest.  The  two  kinds  of  specimens 
were  then  subjected  to  the  same  treatment,  A  marked  difference 
appeared  between  thera.  While  in  the  resting  flies  the  muscle- 
fibrills  showed  distinct  cross-striation  and  the  various  discs  of  the 
individual  segments  showed  differences  in  staining-capacity,  in  the 
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fatigued  specimens  only  Dubie's  line  was  to  be  seen  clearly,  and 

the  whole  contents  of" the  segments  stained  uniformly  without  any 
differentiation  of  the  discs  being  noticeabli?  (Fig.  239).  But  the 
granules,    or    surf'S'mivs.   lying   in   the   sai^coplasm   between    the 


individual  fibrillse  were  enormously  enlarged  in  the  fatigued,  in 
comparison  with  the  resting,  muscle.  It  would  lead  us  too  far  to 
consider  in  detail  the  significance  of  these  changes.  Hodge  ('92), 
G.  Mann  ('94),  and  Lugaro  ('95),  have  recently  made  known  distinct 
microscopic  phenomena  of  tiitigue  in  the  ganglion-cells  of  inammalB. 


D 


D 


birds,  and  insects,  especially  in  their  nuclei.  Thus,  accortiing  to 
Hodge,  in  the  sparrow,  in  the  morning,  after  resting,  the-  cells  of 
the  brachial  ganglia,  which  innervate  the  wing-musclea,  havo  clear, 
round,  vesicular  nuclei  (Fig.  241,  A),  while  in  the  evening,  after 
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the  exertion  of  the  day,  they  have  an  indented  contour  (Fig. 
2+1,  B).  Likewise  in  the  cat.  after  atimiilation  for  several  hours, 
the  nuclei  of  the  ganglion-cells,  which  previously  were  vesicular 
and  round,  are  shrunken  and  have  an  irregular  contour,  while  the 
arrangement  of  the  contents  has  changed  materially  (Fig.  240). 
Accortling  to  Mann,  and  also  Lugaro,  the  change  of  the  ganglion- 
cell  during  its  activity  consists  essentially  in  a  turgeacence  of  thi? 
pn>toplasni  and  the  nucleus,  while  during  rest  a  diminution  in 
volume  takes  place.  During  work  the  nucleus  becomes  poorer  in 
chromatin,  and,  as  Lugani   found,  by   iiitigue  the  nucleolus  can 


be  made  completely  to  disappear.  Here  belong,  also,  the  fatigue- 
changes  which  Heidenhain  ('83)  observed  a  long  time  ago  in 
salivary  glands  after  stimulation,  the  cell-nuclei  of  which,  in  rest, 
put  out  pseudopodiura-iike  processes,  but  after  stimulation  assume 
the  spherical  form  (Fig.  242). 

The  fatigued  muscles  recover  as  soon  as  the  stimulation  ceases, 
and  the  more  rapidly,  the  less  was  the  degree  of  fatigue.  In 
recovery  the  irritability  gradually  increases ;  the  various  pheno- 
mena of  fatigue,  which  can  be  seen  in  the  curve  of  contraction, 
gradually  pass  away,  and,  finally,  the  muscles  are  in  the  same 
condition  as  before. 


46« 
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That  1  Eippeora  especially  interesting  is  the  fa^t,  discovered  by 

Valentin  i,  ■  ,  and  Ednard  Weber  ("46),  tliat  excised  muBclcB  almi 
are  capable  recovery.  This,  also,  can  best  be  seen  by  the  aid  of 
the  graphic  ecord  of  the  muscular  movement.  If  an  isolated 
^astrocnemii  of  a  frog  be  fatigued  by  being  alternately  tetanizud 
for  perhaps  f  'e  seconds  and  allowed  to  rest  for  five  seconds,  after 
some  time,  ie  intensity  of  the  stimulus  remaining  constant, 
the  curve  bf  [ins  to  fall,  until,  finally,  the  stimulation  no  lon^^ 
produces  anj  contraction,  and  the  muscle  remains  at  rest  in  a 
slightly  contiacted  condition,  determined  by  the  conti-action- 
remainder.  If,  then,  the  stimulation  be  interrupted  and  the 
muscle  be  left  to  itself  for  a  considerable  time,  pratectod    from 


ll.-0™gllon 


lirying,  contractions  nearly  equal  to  those  before  the  fatigue  can 
be  induced  anew  with  the  same  strength  of  stimulus.  The 
muscle  now  becomes  fatigued  more  rapidly  than  before.  One 
factor  in  the  recovery,  which  has  recently  been  established  in 
Richet's  laboratory  by  J,  Joteyko  {'96),  is  of  interest.  This  is 
founi:!  in  the  fact  that  excised  muscle  recovers  only  when  oxygen 
is  aviiiliible;  with  the  exclusion  of  oxygen  after  complete  fatigue 
the  imiMcle  canuot  be  put  again  into  activity.  Hence  nxv^en  ip 
ah'^iiliilrlvnece.qaarvfor  the  restoration  of  the  irritability  of  imisclf» 
But  the  fact  that  after  great  fatigue  excised  muscle  is  able  tu 
recover  in  a  medium  containing  oxygen  proves  that  the  musci, 
substance,  while  it  can  perform  contractions  for  a  considerable 
time  independently  of  the  circulating  blood,  must  possess  in  itself. 
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also  independently  of  the  blood-current  which  biings  in  fotKl -stuffs 
and  takes  out  excretory  matters,  the  factors  which,  in  union  with 
oxygen,  are  necessary  to  the  restoration  of  irritability. 

If  we  turn  from  the  phenomena  of  fatigue  that  are  estemally 
visible  in  the  muscle  itself  to  those  that  develop  secondarily  in 
the  body  as  results  of  very  strong  muscular  effort,  we  meet  with 
certain  facts  which  bring  us  a  step  farther  in  the  knowledge  of 
fatigue. 

If  we  observe  the  phenomena  that  develop  in  our  body  in  the 
course  of  strong  muscular  effort,  we  notice  first  a  considerable 
acceleration  and  deepening  of  the  respiration.  At  the  same  time 
the  frequency  of  the  heart-beat  becomes  increased.  The  produc- 
tion of  heat  which  is  increased  by  the  muscular  activity,  is 
essentially  compensated  reflexly  by  the  outpouring  of  per- 
spiration, the  evaporation  of  which  lowers  the  temperature.     If 


Ipi^is^.,^} 
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,Toi]^  tba  flf  Dipathatlo  ; 


the  activity  has  been  very  considerable,  not  rarely  a  slight  i'ever 
appears,  especially  when  the  body  has  made  no  muscular  effort 
for  a  considerable  time  previously.  The  temperature  rises,  there 
are  attacks  of  shivering,  and  a  certain  increase  in  irritability  of 
the  central  nervous  system  is  noticeable.  This  fact  is  so  well 
known  that  there  is  recognised  a  "  gymnast's  fever,"  which  appears 
in  gymnastic  work  after  too  strong  exertion.  This  fever  of  fatigue 
is  also  very  frequently  observed  after  very  exhausting  mountain 
tours  and  after  long  riding.  Among  the  subjective  symptoms  that 
manifest  themselves  as  a  result  of  very  stron^f  muscular  exertion, 
the  best  known  are  excitement  appearing  during  the  stage  of  the 
fever,  F-.g.,  in  the  evening  after  an  exhaustive  march,  sleenlessness. 
lack  of  i^pprt.ite.  and  intense  muscle  pains,  which  appear  iisuallj' 
upon  the  next  day  or  oven  later. 

These  phi'uoinona  together  present  an  interesting  complex  of 
symptoms,   which    remind   the   physician    verj-   strongly   of  the 
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picture  of  e   jnts  in  acute  infections  diseases.     The  conjecture  is 

I  strongly  sug^  ested  that  all  these  symptoms  that  appear  ns  a  result 

I  of  muscular  iatigue  appear  alsu  as  the  chamctenstic  complex  of 

/  symptoms  of  infectious  diseases.  Concerning  the  latter,  it  is  known 

I    from  the  later  bacteriological  investigations   that   they  are    the 

result  of  poisoning  by  certain  poisonous  metabolic  products,  the 

so-called  toxines,'  which  are  excreted  by  invading  bacteria.      But, 

like  bacteria,  a  great  variety  of  other  forms  of  living  substance 

excrete  poisonous  substances  in  their  metabolism,  and  hence   the 

assumption  is  not  unjustified  that  the  muscles  also  produce  ^ncb 

toxines,  which  in  the  quantity  usually  present  produce  no  efifects,  but 

which,  as  soon  as  they  accumulate  in  the  body  in  greater  quantity 

as  the  result  of  exc"""'""  "hip^"!!"-  ""f'vity.give  rise  to  phenomeott 

of  genuine  poisoning,     v        ....  <  iients  have  proved  d'        '  " 

that  this  conjecture  is  cr- 

The  first  importan*  e  those  of  Ranke  ('65),  vrbtr 

found  that  he  co'  .  .^       ..  i  muscle  again  capable   of 

perfonning  work  ii  o       with   a  dilute  soliitian   of 

common  salt  whic,  _  ^now      is  completely  indifferent  to 

living  tissue.     Henc  .  must  ha      arisen  and  accumulated   in 

the  muscle  as   the   .  of   activii-r  certain  fatigvf -substances, 

which  act  to  paralyse  muscle-sul  stance  itself,  but  afler  the 

removal  of  which  the  muscle  regains  its  capacity  for  work.    Ranke 
was  abie  actually  to  confirm  this  by  the  following  experiment.  H« 
made  a  watery  extract  of  muscles  that  had  been  strongly  ^ti^ed^ 
and   injected  it  through  the  blood-vessels  into  a  fresh  muscle;' 
The   result  was   that  the  muscle  immediately  lost   its  worfcinjf 
cajMcity   and   behaved   exactly   like   a   fatigued   muscle.      It    is 
proved  by  this  experiment  that  phenomena  of  fatigue  are  caused 
by  the  accumulation  of  certain  metabolic  products  in  the  muscle, 
and  can  be  set  aside  by  the  washing-out  of  the  latter,     Mot<M 
recently  Mosso  ('91)  performed   upon   a  dog  an  experiment  a 
alogous  to  Banke's.  When  he  injected  into  a  narcotized  dog  bla 
from  a  normal  dog.  the  former  continued  completely  normal.    B 
if,  instead  of  this,  he  used  for  injection  blood  from  a  fatigued  doj^^ 
whose  muscles  had  been  kept  in  ^-iolent  contraction  by  tetaniisatioj'l 
with   the   electric  current   for  only  two   minutes,  chamcteristi^il 
phenomena   of  fatigue   immediateiy   appeared :    the   respiratni^l 
became  accelerated  and  even  dyspnopic,  and  the  heart  began  td'1 
beat  strongly.    Hence  the  fatigue-substances  that  are  produced  iar  f 
the  muscle  do  not  remain  there,  but  are  taken  up  by  the  blood'* 
and  thus  go  to  the  organs  of  the  whole  body.     Hence  it  comei^  J 
about  that  after  an  eshaugtive  march  not  only  do  the  muscles  of  T! 
the  legs,  but  also  those  of  the  arms,  show  phenonieim  of  fatig«e»^J 
The  poisonous  substances  going  with  the  blood  to  the  liiiiiri-ccnti-et, 
that  control  respiration  and  the  movement  of  the  heart,  there  first 
'  C/.  p.  175. 
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piodace  an  excitation,  which  results  in  a  powerful  increase  of  the 
respiration  and  the  activity  of  the  heart,  but  finally  with  too  great 
exertion  cause  a  depression,  which  leads  to  standstill  of  the  heart 
and  death.  The  history  of  the  runner  of  Marathon  is  a  classic 
example  of  this  course  of  phenomena. 

But  in  seeking  the  origin  of  muscle-fatigue,  we  ought  not  to 
attach  too  much  importance  to  the  appearance  and  accumulation 
of  fisitigue-substances  in  thft  mnsdg^  as  is  not  rarely  done.     Al- 
tiiongh  it  is  beyond  doubt  that  the  phenomena  of  fatigue  can  be 
produced  by  the  accumulation  of  fatigue-substances,  this  is  not 
the  sole  cause.     The  chief  factor  in  the  production  of  fatigue  is 
Ae  progressive  consumption  of  sybstancgs  tbat  are  nefi^asary  ^^ 
4^2tUQty-     Accordingly,  in  muscle  and  probably  in  all  living  sub- 
stance, two  diflFerent  causes  of  fatigue  may  be  present.  Phenomena 
of  fatigue  are  observed,  on  the  one  hand,  wl^on  certain  snbstAnces 
tbat  are  necessary  to  life  are  consumed.during  exhaustive  Jictivilj' 
XM^ore  rapidly  than  they  are  introduced  or  reformed ;  and,  on  the 
ot>her,  when  certain  substances  that  arise  as  f^ep^'^r^^^'^^'^^"-jir^- 
[wS^  during  activity  accumulate   in   such   quantity  that  they 


\ 


•pToduce  a  dcpressinpr  eifept.     On  account   of  this   fundamental 

diCference  in  the  genesis  of  the  phenomena  in  question,  it  seems 

£idvantageous  to  distinguish  between  the  two  causes  by  the  use  of 

different  terms,  and  to  call  the  phenomena  of  depression   that 

result  from  the  consumption  of  the  necessary  substances,  ah  aits- 

/ion, and  those  that  result  from  the  accumulation  of  and  poisoning 

"by  decomposition-products,  fntiffue.     The   end-result  of  the  two 

aeries  of  phenomena   arising  from   such    different   causes  is  the 

same.    Both  are  characterised  by  depression  of  the  irritability 

and  the  activity  of  living  substance. 

2.  Excitation  and  Dejrrcssion 

Let  us  first  bear  in  mind  that  excitation  and  depression  are 
merely  quantitative    opposites.     The    two   are    merely   different 
degrees  of  one  and  the  same  phenomenon,  namely,  life,  excitatioi 
^>^ing  an  increase,  depression^jt  (Jcficjiaatipof  the  nori^):i.1  intr^p^^^^y  -■ 
y™l  pnenomena. 

It  has  been^een  in  a  previous  section  that  phenomena  of 
P^pression  can  be  called  out  by  over-stimulation.  This  fact  is 
important,  for  it  shows  that  the  same  stimuli  which  with  slight 
H^tensity  or  short  duration  prtxluce  excitation,  with  incn^a^^t'il 
^'^tensity  or  long  duration  can  produce  precist^ly  the  opposite 
effect,  namely,  depression. 

This  relation  between  excitation  and  deprfssion  is  vt-ry  wide- 
^P^*ead.      The  phenomena  of  fotigue  are  a  single  example  of  it. 
"^^    this  respect  the  effects  of  anaesthetics  form  a  complete  anol'^^^'v  ( 
^    the  phenomena  of  fatigue.     It  appeal's  to  ])o  a  genei 
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petty  of  it  >  substances  that  in  very  small  doses  or  with  venr 
brief  admiiKotration  they  produce  phenomena  of  excitation,  wluie 
with  increasing  action  pnenomena  of  depression  become  n 
and  rnure  noi.iceable,  and  apparently  are  able  to  lead  to  a  c 
plete  standstill  of  life.'  This  fact  is  well  known  in  pharmacology. 
Morphine  in  small  doses  and  at  the  beginning  of  its  ovbott 
produces  always  a  stage  of  excitation,  in  which  the  patienlK  are 
restless  and  excited,  are  not  able  to  '^leep,  and  are  haunted  by  all 
sorts  of  illusions.  But  if  the  dose  given  be  greater,  and  the 
stage  of  excitation  appearing  at  the  beginning  of  its  action  be 
passetl,  deep  sleep  cornea  with  total  absence  of  motion  and 
sensation.  The  same  result  is  seen  also  with  other  narcotics  and 
with  single  cells.  In  ciliate  Iitfusnria  the  cUiaiy  motion  is 
increased  to  furious  nuidiut  \  influence  of  the  vopour  of 

ether   or   chlorofoma   i  i.       ity  or  with  brief  duration. 

The  (^.fcitation  of  thn  i  ,^  ;  that  the  organisuis  shoot 

through  the  water  -..^rt^  if  the  dose  or  the  dui-ution 

of  the  influence  narcotic   oeci  me  only  shghtly  increiun^, 

the  motion   beco  nwer  and  slo  lei   until,  finally,   complete 

paralysis  results,  a.  i   cells   remain   motionless.     The    saine 

phenomena  have  be      uujterved  with  the  many  different  kinds  of 
aniesthetics,  and  in  an  sorts  of  living  substance. 

Another  example  of  .the  fact  that  with  increasing  intensity  of 
the  stimulus  excitation  is  first  increased  and  then  after  a  certain 

Eoint  gives  place  to  depression,  is  afforded  by  stimulation  by 
eat.*  With  increasing  temperature  up  to  a  certain  degree,  whica 
is  very  different  for  different  forms  of  living  substance  and  for 
different  vital  phenomena  in  the  same  form,  all  vital  phenomena 
undergo  an  augmentation  to  a  maximum.  But  if  this  degree  be 
overstepped,  excitation  decreases  rapidly,  and  gives  place  to 
complete  paralysis  io  the  form  of  heat-rigor.  The  fermentative 
activity  of  yeast-cells,  the  growth  and  development  of  ova,  and 
the  protoplasmic  and  ciliary  motions  of  unicellular  organisms, 
affonl  distinct  examples  of  this.  Other  varieties  of  stimuli 
illusti-ate  the  same  general  principle. 

But  this  relation  of  excitation  ^d  depression  holds  good  only 
for  those  stimuli  which  consist  in  an  increase  of  the  factors  that 
under  normal  circumstances  act  upon  the  orgamsm  as  vital  con- 
ditions, as,  t.g.,  increase  of  the  surrounding  temperature,  or  those 
which  consist  in  an  incoming  of  foreign  factors,  as,  e.g..  poison- 
stimulations.  Those  stimuli,  however,  which  depend  upon  the 
diminution  of  vital  conditions,  as,  e.g..  decrease  of  the  suiTound- 
ing  temperature,  appear  in  general  with  increasing  intensity  to 
depress  vital  phenomena  without  previous  excitation.  With  the 
present  condition  of  our  knowledge  a  law  covering  thi'se  fa,, 
cannot  be  formulated  with  certainty,  for  a  cautious  critic  require 
'  Cf.  p.  379.  ^  O:  p.  398. 
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a  larger  number  of  phenomena  before  generalising.  Nevertheless, 
large  number  of  discoveries  speak  directly  in  favour  of  the  idea 
here  expressed. 

E.g.,  with  increasing  cold  the  energy  of  vital  phenomena  sinks, 
until  at  certain  low  degrees  of  temperature,  which  likewise  are 
very  different  for  different  objects,  apparently  complete  paralysis 
results.  The  experiments  of  Ktihne  ('64)  on  Amceha,  in  which 
the  protoplasmic  motion  was  at  a  complete  standstill  in  cold- 
rigor  at  0°  C,  as  well  as  a  number  of  other  phenomena  previously 
spoken  of,  afford  examples  of  this.  Further,  with  decrease  of 
moisture  the  intensity  of  vital  phenomena  sinks,  until  the  latter 
come  to  a  complete  standstill.  The  behaviour  of  dried,  apparently 
dead,  organisms  illustrates  this.  Finally,  with  decrease  of  food 
and  of  oxygen  vital  phenomena  are  depressed,  and,  as  is  instanced 
by  the  protoplasmic  movement  of  Amceba  in  Kuhne's  experiments, 
cease  in  an  atmosphere  of  pure  hydrogen. 

The  fact  cannot  be  overlooked  that  there  are  cases  in  which 
with  falling  temperature,  as  in  the  regulation  of  heat  by  warm- 
blooded animals,  or  with  decrease  of  the  water-contents,  as  in 
drying  nerve  and  muscle,  or  with  decrease  of  oxygen,  as  in  the 
asphyxiation  of  warm-blooded  animals  in  a  space  free  from  oxygen, 
phenomena  of  excitation  are  apparent.  But  the  mode  of  occurrence 
of  these  phenomena,  which  can  be  investigated  in  the  cell-com- 
munity only  with  diflSculty  on  account  of  the  complexity  of  the 
conditions,  is  in  large  part  still  obscure,  and  many  mvestigations 
directed  toward  this  point  alone,  especially  in  single  cells  or  simple 
tissues,  are  needed,  before  it  shall  be  known  clearly  whether  the 
principle  observed  in  so  many  cases,  that  with  decrease  of  the 
various  vital  conditions  a  gradual  depression  of  vital  phenomena 
comes  in  without  previous  excitation,  really  has  general  applica- 
tion. The  question  whether  within  the  two  extreme  limits  of 
vital  conditions  living  substance  possesses  but  one  maximum  of 
excitation  is  surely  interesting.  There  are  doubtless  many  cases 
in  which  both  augmentation  and  diminution  of  the  vital  condi- 
tions produce  depression,  and  in  which  between  these  two  points 
excitation  rises  to  a  single  maximum. 

3.  Death  by  Over-stimtdation 

The  inevitable  end-result  of  continual  or  strong  over-stimula- 
tion is  death,  but  the  manner  in  which  it  develops  differs  in 
individual  cases  according  to  circumstances. 

With  continued,  not  too  strong  stimulation  death  develops  fairly 
gradually,  and  here  the  stages  of  the  reaction  can  be  followed  best. 
The  effect  of  narcotics  may  serve  as  an  example.  If,  e.g.,  an 
infusorian  cell,  such  as  the  ciliate  Spirostomum,  be  exposed  to  the 
influence  of  the  vapour  of  chloroform  or  ether,  there  is  seen  first  a 


GENERAL  PHYSIOLOGfT 

stage  of  excitation,  in  which  the  ciliary  motion  becomes  strongly 
accelerated.  Gradually  with  continutHl  action  the  excitation  gives 
way,  and  there  begins  a  stage  of  depression  resulting  in  a  complete 
standstill  of  the  cilia.  From  this  stage  by  interruption  of  the 
stiraulua  and  the  re -establishment  of  the  normal  vital  conditions 
the  organisin  can  be  revived.  If,  however,  the  action  continues 
still  further,  this  is  no  longer  possible ;  narcosis  passes  directly  into 
death.  The  same  thing  is  seen  in  human  ganglion -eel  Is  in 
morphine  poisoning.  At  the  beginning  of  the  action  there  is  a 
stage  of  excitation,  which  soon  gives  way  to  a  complete  pai-alyais 
of  the  ganglion -eel  Is.  With  too  strong  a  dose  the  death  of  the 
cells  results  ;  this  is  seen  in  ii  standstill  of  the  functions  dependent 
upon  them  (movement  of  the  heart,  respiration,  etc.).  The  same 
sequence  of  actions  is  produced  by  the  thermal  stimulus  witJi 
continual  increase  of  its  intensity.  The  protoplasmic  motion  of 
Amcthn  increases  with  increasing  waniith  up  to  nearly  35°  C. 
Hero  the  motion  suddenly  diminishes ;  the  organism  continues  in 


"s 


the  stage  of  contraction  and  perfonns  at  most  verj-  feeble  motions. 
With  a  slightly  higher  temperature  the  latter  wholly  cease.  This 
is  the  point  of  heat-rigor.  Upon  cooling  from  this  point  motion 
returns.  But,  if  the  temperature  rises  above  40°  C.,  the  heat- 
depression  passes  over  into  death.  With  thermal  stimulation  the 
whole  sequence  of  reactions  from  the  minimum  of  temperature  np 
to  the  maximum  is  presented  with  the  greatest  clearness :  stan£ 
still  of  vital  phenomena  in  cold-rigor,  increasing  excitatieai, 
depreasion  in  heat-rigor,  and  finally  death. 

The  complete  series  does  not  always  appear.  Very  frequently 
one  or  the  other  stage  is  wanting.  This  depends  ]iartly  upon  the 
special  qualities  of  the  living  substance,  and  partly  ujion  the  kind 
of  stimulation.  Often  under  the  influence  of  stimuli  of  voiy  high 
intensities  all  stages  are  omitted,  and  death  results  at  onoe. 
Sometimes  there  is  a  brief  stage  of  excitation,  but  intense  excita- 
tion is  followed  immediately  by  death.  If.  while  Pelomipxi  ia 
creeping  quietly,  it  bo  stimulated  only  feebly  by  acids,  alkalies, 
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chloroform,  or  other  chemical  substances,  in  a  few  seconds  it  draws 
itself  together  into  a  ball  (Fig.  243,  B),  and  thiia  gives  the  im- 
pression of  intense  excitation  of  contraction.  In  the  course  of  a 
longer,  constant  action  of  the  stimulus  the  protoplasmic  body 
begins  to  undergo  gi'anular  disintegration  from  the  periphery 
(Fig.  243,  C).  If,  however,  the  chemical  stimulus  be  allowed  to 
act  in  greater  intensity  upon  the  resting,  extended  body,  the  stage 
of  excitation  has  no  time  for  its  development.  The  body  begins 
immediately,  without  first  contracting  into  a  ball,  to  undergo 
granular  disintegration  in  the  form  which  it  had  at  the  moment 
of  etiinutation  (Fig.  244,  B).  Here  death  appears  immediately  as 
a  result  of  stimulation,  while  the  other  stages  of  the  reaction  have 
not  time  to  develop  externally.  The  same  is  seen  in  galvanic 
stimulation.  If  Aclijiosph cerium  be  stimulated  by  feeble  galvanic 
currents,  the  typical  phenomena  of  excitation  of  contraction  appear 
at  the  anode.  The  protoplasm  of  the  pseudopodia  forms  small 
globule.s  and  spindlun,  and  flows  centripetal  ly,  until  the  pseudopodia 


[ ;  B,  undnvolug  ^rwiulu-  dl4hit«9T«tioJi  «  a 


are  wholly  i-etracted.  If,  however,  a  strong  galvanic  current  be 
applied  suddenly,  the  protoplasm  has  not  time  to  contract,  but 
immediately  undergoes  disintegration  at  the  anode. 

Granular  disintegration  of  protoplasm  as  a  result  of  supramaximal 
stimulation  is  a  valuable  aid  when,  as  e.g.,  in  stimulation  by  galvanic 
currents,  the  localisation  of  the  excitation  is  to  be  determined  in 
objects  in  which  there  is  no  other  distinctly  visible  expression  of  it. 
In  such  cases  it  is  only  necessary  to  employ  supramaximal  currents, 
and  the  place  of  excitation  is  recognised  at  once  in  the  granular 
disintegration  of  the  protoplasm.  Of  courae  this  is  possible  only  in 
forms  of  living  substance  which,  at  the  moment  of  death,  show 
granular  disintegration.  There  are  many  forms  of  cells,  especially 
those  that  are  provided  with  a  solid  wall,  which  in  dying  do  not 
pass  into  granular  disintegration  at  all.  Yeast-cells,  e.g.,  can  be 
killed  in  various  ways  by  over-stimulation  without  any  disintegra- 
tion of  the  body.  Their  death  is  indicated  only  indirectly,  by  loss 
of  the  power  of  splitting  grajie-sugar  into  car*!""'"  ooid  and  alcohol, 
But  we  need  not  here  go  mure  in  detail  ii  ent  fonns  in 
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stage  of  excitation,  in  which  the  ciliary  motion  becomes  stronglj 
accelerated.  Graduallv  with  continued  action  the  excitation  gives 
way,  and  there  begins  a  stage  of  depression  resulting  in  a  compleb^ 
standstill  of  the  cilia.  From  this  stage  by  interruption  of  the 
stimulus  and  the  re-e'stablishment  of  the  normal  vital  conditions 
the  organism  can  be  revived.  If,  however,  the  action  continues 
still  further,  this  ia  no  longer  possible ;  narcosis  passes  directly  into 
death.  The  same  thing  is  seen  in  human  ganglion-eel  la  in 
morphine  poisoning.  At  the  beginning  of  the  action  there  is  a 
stage  of  excitatitjn,  which  soon  gives  way  to  a  complete  paralysis 
of  the  ganglion-cells.  With  too  strong  a  dose  the  death  of  the 
cells  results ;  this  ia  seen  in  a  standstill  of  the  functions  dependent 
upon  them  (movement  of  the  heart,  respiration,  etc.).  The  same 
aequence  of  actions  ia  produced  by  the  thermal  stimulus  witb 
continual  increase  of  its  intensity.  The  protoplasmic  motion  of 
Amwba  increases  with  increasing  warmth  up  to  nearly  35°  C. 
Here  the  motion  suddenly  diminishes  ;  the  organism  continues  in 


the  stage  of  contraction  and  performs  at  most  very  feeble  motion&  j 
With  a  slightly  higher  temperature  the  latter  wholly  cease.  This 
is  the  point  of  heat-rigor.  Upon  cooling  from  this  point  motion  J 
returns.  But,  if  the  temperature  rises  above  40°  C,,  the  heat-J 
depression  passes  over  into  death.  With  thermal  stimulation  tlit  J 
whole  sequence  of  reactions  from  the  minimum  of  temperature  Wt\ 
to  the  maximum  is  presented  with  the  gi'eatest  cleamosa :  stan^' J 
still  of  vital  phenomena  in  cold-rigor,  increasing  excitaUoaif 
depression  in  heat-rigor,  and  finally  death.  1 

The  complete  series  does  not  always  appear.     Very  frequently.J 
one  or  the  other  stage  is  wanting.     This  depends  partly  upon  thsa 
special  qualities  of  the  living  substance,  and  partly  upon  the  Uqi^ 
of  stimulation.     Often  under  the  influence  of  stimuli  of  very  1; " 
intsnsities  all   stages  are  omitted,   and   death   results   at   a 
Sometimes  Lhere  is  a  brief  stage  of  excitation,  but  intense  exci 
tion   is   followed  immediately  by  death.     If,  while  Pclomynn  \ 
creeping  quietly,  it  be  stimulated  only  feebly  bv  acids,  alki '"  ' 
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a  larger  number  of  phenomena  before  generalising.    Nevertheless, 
large  number  of  discoveries  speak  directly  in  favour  of  the  idea 
here  expressed. 

E.g.,  with  increasing  cold  the  energy  of  vital  phenomena  sinks, 
until  at  certain  low  degrees  of  temperature,  which  likewise  are 
very  different  for  different  objects,  apparently  complete  paralysis 
results.  The  experiments  of  Klihne  ('64)  on  Amoeba,  in  which 
the  protoplasmic  motion  was  at  a  complete  standstill  in  cold- 
rigor  at  0*  C,  as  well  as  a  number  of  other  phenomena  previously 
spoken  of,  afford  examples  of  this.  Further,  with  decrease  of 
moisture  the  intensity  of  vital  phenomena  sinks,  until  the  latter 
come  to  a  complete  standstill.  The  behaviour  of  dried,  apparently 
dead,  organisms  illustrates  this.  Finally,  Svith  decrease  of  food 
and  of  oxygen  vital  phenomena  are  depressed,  and,  as  is  instanced 
by  the  protoplasmic  movement  of  Amahn  in  Kiihne's  experiments, 
cease  in  an  atmosphere  of  pure  hydrogen. 

The  fact  cannot  be  overlooked  that   there   are   cases  in  which 
with  &llinfi^  temperature,  as  in  the  regulation  of  heat  by  warm- 
blooded animals,   or  with  decrease   of  the   water-contents,  as  in 
drying  nerve  and  muscle,  or  with  decrease  of  oxygen,  as  in  the 
asphyxiation  of  warm-blooded  animals  in  a  space  free  from  oxygen, 
phenomena  of  excitation  are  apparent.  But  the  mode  of  occurrence 
of  these  phenomena,  which  can  be  investigated  in  the  cell-com- 
munity only  with  diflSculty  on  account  of  the  complexity  of  the 
conditions,  is  in  large  part  still  obscure,  and  many  investigations 
directed  toward  this  point  alone,  especially  in  single  cells  or  simple 
tissues,  are  needed,  before  it  shall  be  known  clearly  whether  the 
principle  observed  in  so  many  cases,  that  with  decrease  of  the 
various  vital  conditions  a  gradual  depression  of  vit^l  phenomena 
comes  in  without  previous  excitation,  really  has  general  applica- 
tion.   The  question  whether  within  the  two  extreme   limits  of 
vital  conditions  living  substance  possesses  but  one  maximum  of 
eicitation  is  surely  interesting.     There  are  doubtless  many  cases 
in  which  both  augmentation  and  diminution  of  the  vital  condi- 
tions produce  depression,  and  in  which  between  these  two  points 
eicitation  rises  to  a  single  maximum. 

3.  Death  hy  Over- stimulation 

The  inevitable  end-result  of  continual  or  strong  over-stimula- 
^on  is  death,  but  the  manner  in  which  it  develops  differs  in 
ii^dividual  cases  according  to  circumstances. 

"With  continued,  not  too  strong  stimulation  death  develops  fairly 
gic^ually,  and  here  the  stages  of  the  reaction  can  be  followed  best. 
rile  effect  of  narcotics  may  serve  as  an  example.  If,  e.g,,  an 
ilifusorian  cell,  such  as  the  ciliate  Spirostomum,  be  exposed  to  the 
influence  of  the  vapour  of  chloroform  or  ether,  there  is  seen  first  a 
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litage  of  excitatiun,  in  which  the  ciluin'  motion  bocumcK  strongi 
accelerated.  Gradually  with  coDtiau«d  action  the  excitation  gin 
way,  and  there  begins  a  stage  of  depression  resulting  in  a  contplel 
standstill  of  the  cilia.  From  thie  stag^  by  interruption  of  t) 
stinndus  and  the  rv-establishment  lA  the  normal  vital  condition 
the  organism  can  be  revived.  If,  however,  the  action  continoes 
atill  further,  this  is  no  longer  possible ;  narcoiits  passes  directly  into 
death.  The  same  thing  is  seen  in  human  ganglion -eel  Is  in 
morphine  poisoning.  At  the  beginning  of  the  action  there  is  a 
Htage  of  excitation,  which  soon  pves  way  to  a  complete  paralysis 
of  the  ganglion-cells.  With  too  strong  a  dose  the  deatn  of  the 
cells  results ;  this  is  seen  in  a  standstill  of  the  fiinetions  (lunoiuI«iifc 
upon  them  {movement  of  the  heart,  respiration,  etc.).  Tnc  h 
sequence  of  actions  is  produced  by  the  thermal  stlmulns  1 
continual  increase  of  its  intensity.  The  protoplasmic  motion  « 
Amaha  increases  with  increasing  warmth  up  to  nearly  35°  C. 
Hen-  the  motion  suddenly  diminishes:  the  organism  contiauaBUJ 
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the  sliige  uf  contraction  and  performs  at  most  very  feeble  motioi 
With  a  slightly  higher  temperature  the  latter  wholly  cease.  Tl 
i.-i  the  point  of  heat-rigor.  Upon  cooling  from  this  point  motio_ 
letums.  But,  if  the  temperature  rises  above  40°  C.,  the  heat- 
ilypression  passes  over  into  death.  With  thermal  stimulation  the 
whole  Hequenco  of  reactions  from  the  minimum  of  temperature  ui> 
to  the  maximum  is  presented  with  the  greatest  clearness;  stand- 
still of  vital  phenomena  in  cold-rigor,  increasing  excitation, 
(Icpreasion  in  heat-rigor,  and  finally  death. 

The  complete  aeries  does  not  always  appertr.  Very  frequently 
one  or  the  other  stage  is  wanting.  This  depends  partly  upon  the 
special  qualities  of  the  living  substance,  and  partly  upon  tiu'  kind 
iif  stimulation.  Often  under  the  influence  of  stimuli  of  very  high 
intensities  all  stages  are  oniitti-d.  and  death  results  at  once. 
Sometimes  there  is  a  brief  stage  of  excitation,  but  intense  excica- 
tioii  is  followed  immediately  by  death.  If,  while  Pe/omi/xn  is 
cri'i'ping  quietly,  it  be  stimulated  only  feebly  by  acids,  alkalies. 
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thloruform, or  other  chemical  substances,  in  a  few  seconds  it  draws 
Beelf  together  into  a  ball  (Fi;^.  243,  £),  and  thus  gives  the  im- 
aon  of  intense  excitation  of  contraction.  In  the  course  of  a 
;r,  constant  action  of  the  stimulus  the  protoplasmic  body 
tegins  to  undergo  granular  disintegration  from  the  periphery 
(Fij.  243,  C).  If,  however,  the  chemical  stimulus  be  allowed  to 
Ifl  in  greater  intensitj^  upon  the  resting,  estendetl  body,  the  stage 
if  excitation  has  no  time  for  its  development.  The  body  begins 
ininediately,  without  first  contracting  into  a  ball,  to  undergo 
junnlar  disintegration  in  the  form  which  it  had  at  the  moment 
ifstiinulation  (Fig.  244,  £).  Here  death  appears  immediately  as 
lesnlt  of  stimulation,  while  the  other  stages  of  the  reaction  have 
K  time  to  develop  externally.  The  same  is  seen  in  galvanic 
imalation.  If  AUinotjihwi'ium  be  stimulated  by  feeble  galvanic 
ineQts,  the  typical  jihenomena  of  excitation  of  contmction  appear 
^-j  the  anode.  The  protoplasm  of  the  pseudopodia  forms  small 
bboles  and  spindles, and  Hows  centripetalty.  until  the  pseudopodia 
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t  wholly  retracted.  If,  however,  a  strong  galvanic  current  be 
plied  suddenly,  the  protoplasm  has  not  time  to  contract,  but 
acedi&tel}'  undergoes  disintegration  at  the  anode. 
I  Granular  disintegration  of  protoplasm  as  a  result  of  supimnaximal 
mnlation  is  a  valuable  aid  when,  as  e.g.,  in  stimulation  by  galvanic 
uite,  the  localisation  of  the  excitation  is  to  be  determined  in 
QtctK  in  which  there  is  no  other  distinctly  visible  expression  of  it. 
I  such  cases  it  is  only  necessary  to  employ  supramaximal  currents, 
*9*J  the  place  of  excitation  is  recognised  at  once  in  the  granular 
Msintegration  of  the  protoplasm.  Of  course  this  is  possible  only  in 
"'"insi  of  living  sulKtance  which,  at  the  moment  of  death,  show 
^^nular  disintegration.  There  are  many  foniis  of  cells,  especially 
■*<'-'*i-  that  are  provided  with  a  solid  wall,  which  in  dying  do  not 
'^''S  into  granular  disintegration  at  all.  Yeast-cells,  e.g.,  can  be 
?*'ed  in  various  ways  by  over-stimulation  without  any  disintegra- 
^tt  of  the  body.  Their  death  is  indicated  only  indirectly,  by  loss 
p  the  power  of  splitting  gnipe-sugar  into  carbonic  acid  and  alcohol. 
^t  wc  need  not  here  go  uiure  in  detail  into  tin.'  iliffin.iil  ruruis  in 
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which  death  appears,  since  we  have  previously  ^  become  acquainted 
with  them.  Over-stimulation,  in  its  most  general  significance,  is 
nothing  but  that  which  has  been  termed  elsewhere  external  causes 
of  death.  The  fact  does  not  require  special  mention  that  over- 
stimulation, when  it  consists  either  in  an  increase  or  a  decrease  of 
the  factors  that  act  as  vital  conditions,  always  results  finally  in 
death.  It  has  already  been  seen  that  overstepping  either  the 
minimum  or  the  maximum  of  vital  conditions  leads  to  a  fatal 
outcome. 

In  a  previous  chapter  we  came  to  regard  life  as  a  phenomenon 
of  nature  that,  like  all  other  phenomena  of  nature,  comes  into  exis- 
tence when  a  certain  complex  of  conditions  is  fulfilled.  If  the  con- 
ditions become  changed,  the  phenomena  also  change ;  if  the  former 
wholly  disappear,  the  latter  also  cease.  In  stimuli  we  have  become 
acquainted  with  such  changes  of  vital  conditions.  Under  the  in- 
fluence of  stimuli  vital  phenomena  change,  and  they  wholly  cease, 
when  the  stimuli  overstep  a  certain  limit. 

If  we  except  the  small  number  of  cases,  thus  far  largely  un- 
explained, such  as  the  metamorphic  processes  of  necrobiosis,  where 
vital  phenomena  are  forced  into  a  perverted  path  and  are  qiialiiu- 
tively  changed  under  the  influence  of  stimuli,  we  observe  that  within 
certain  limits  stimuli  cause  only  a  single  kind  of  effect,  namely,  a 
gradual,  quantitative  change  of  the  vital  phenomena,  either  increas- 
ing or  decreasing  the  intensity  of  the  latter.  Hence  in  the  vast 
majority  of  cases  stimuli  do  not  call  out  new  phenomena,  but  pro- 
duce merely  an  excitation  or  depression  of  those  general  vital 
phenomena  already  existing. 

It  is  here  especially  to  be  noticed  that  the  different  varieties  of 
stimuli  produce  in  the  same  object  wholly  similar  reactions.  An 
Arrueha  may  be  made  to  retract  its  pseudopodia  and  assume  a 
spherical  form  by  chemical,  mechanical,  thermal,  and  giilvanic 
stimuli ;  the  cells  of  a  ciliated  epithelium  respond  by  an  accelera- 
tion of  their  ciliary  motion  to  chemical,  mechanical,  thermal  and 
galvanic  stimulation  ;  and  by  all  of  these  agencies  the  production 
of  light  can  be  induced  in  Noctiluca. 

This  important  fact  shows  that  in  every  form  of  living  substance 
there  must  exist  an  extraordinary  inclination  toward  a  specific 
sequence  of  processes.  This  sequence  is  continually  present  in 
slight  degree  and  finds  its  expression  in  the  spontaneous  vital 
phenomena;  but  the  slightest  stimuli  of  all  kinds  augment  the 
discharge  of  the  processes  always  in  the  same  characteristic 
sequence  fur  each  specific  variety  of  living  substance,  just  as  the 
nitroglycerine  molecule  can  always  be  made  explosively  to  dis- 
integrate into  the  same  constituents  by  mechanical,  galvanic,  or 
thermal  influences. 

1  Cf,  p.  319. 
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The  principle  of  the  specific  energy  of  sense-substances  in  animals 
provided  with  sense-organs,  as  discovered  by  Johannes  Muller/  has, 
therefore,  general  application.  All  living  substance  possesses 
sjpecific  energy  in  MtiUer's  sense;  within  certain  limits  wholly 
(uffeient  stimuli  call  forth  in  the  same  form  of  living  substance 
the  same  phenomena,  while,  convei-sely,  the  same  stimulus  in 
different  forms  produces  an  effect  wholly  different  and  characteristic 
for  every  form.* 

»  Q^  pp.  21  and  45,  «  Cf.  Heiing  ('84). 


CHAPTER  VI 

THE  HECHAKISM  OF  LIFE 

The  priociple  which  the  early  eivilisetl  races  with  their  myU 
ideas  poetically  jx'rsoDoliwl  and  represented  as  the  cause  of  all  111 
the  world,  lit-s  at  the  foundation  of  all  vital  phenomena  acconjing 
to  the  scienti6c  knowledge  of  to-day.  Among  most  people  this 
principle  has  found  expression  in  its  original  fonii  in  the  allegory  of 
the  shifting  contest  between  two  hostile  forces.  These  forces  are 
life  and  death,  which  the  ancii^nt  Egj'plian  personified  in  the  forms 
of  Horus  and  Typhon ;  bl<x»ni  and  decay,  which  the  German 
clothed  in  the  legends  of  Baldur  and  Luki ;  Ahrimon  struggling' 
with  Onnuzrl.  by  which  the  Persian  represented  the  interchange  of 
the  ginA  and  the  e^-il  in  life;  Ood  striving  with  the  DeWl,  in 
which  the  Christian  of  the  middle  ages  perceived  the  all-creating 
piisiiivf  element  in  its  opposition  to  the  all -destroying,  "  ever-deny- 
nig  spirit  "  ;  and,  finally,  they  are  recognised  in  the  ever-alternating 
procwi-s  of  becoming  and  passing  away,  of  building  up  ana 
bnaking  down,  which  control  every  living  being  and  every  vital 
event. 

\\\-  have  already  recognised  in  the  continual  constniction  and 
destrui'tion  of  living  sunttance  or,  in  brief,  in  unbroken  meta- 
bolisTii,  the  real  vital  process,  upon  which  the  phj-sical  phenomena 
of  life  are  based.  We  have  become  acquainted  with  these 
pheniouena,  have  investigated  the  conditions  under  which  they 
make  their  appearance,  and  have  detemiioed  the  changes  that 
they  exjierienco  under  externa!  influences.  We  must  now 
endein<jur  tr>  construct  a  bridge  between  the  vita!  phenomena  and 
the  vital  proci-ss,  and,  so  far  as  the  present  condition  of  our  know- 
ledge allows,  derive  the  former  mechanically  from  the  latter ;  the 
investigation  of  the  mechatiism  of  life  forms  the  nucleus  of  thA 
science  that  deals  with  the  physical  phenomena  of  life. 
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I.  The  Vital  Process 


As  previous  treatment  of  this  subject  has  shown,^  our  knowledge 
of  the  individual  events  in  the  metabolism  of  living  substance 
is  unfortunately  thus  far  very  meagre.  Investigation  of  the 
mechanism  of  the  physical  phenomena  of  life  is  necessarily  still 
far  from  complete,  and  progress  can  be  made  only  slowly.  An 
essential  advance  in  this  direction  can  be  expected  only  from  the 
detailed  study  of  the  processes  in  the  cell,  for  the  cell  is  the  place 
where  the  vital  process  itself  has  its  seat,  and  where  all  vital 
phenomena  occur  in  their  simplest  form.  Not  until  the  physiology 
of  organs,  which  is  able  to  explain  only  the  gross  performances  of 
the  complex  cell-community,  develops  into  cell-physiology,  can  we 
hop^  essentially  to  enlarge  our  knowledge  of  the  more  delicate 
mechanism  of  life.  Thus  far  only  the  first  steps  have  been  taken 
in  this  direction. 

If,  therefore,  we  attempt  to  form,  so  far  as  possible  upon  the 
basis  of  our  present  knowledge,  a  picture  of  the  vital  process  in 
living  substance,  it  can  be  only  a  sketch  in  which  the  most  general 
elements  are  indicated  in  gross  outline.  Notwithstanding  this, 
some  kind  of  a  picture  of  the  vital  process  is  necessary  for  ftirther 
systematic  investigation. 


A.  THE   METABOLISM   OF  BIOGENS 

1.  Biogens 

It  has  been  seen  in  a  previous  chapter  that,  in  general,  the 
characteristic  of  living  organisms  in  comparison  with  those  dead 
or  apparently  dead  consists  in  their  metabolism,  the  expression 
of  which  constitutes  the  vital  phenomena  it  is  necessary  to  go  a 
step  beyond  this  general  fact. 

It  will  be  recalled  that  in  the  determination  of  the  chemical 
compounds  that  constitute  living  substance  investigation  deals 
exclusively  with  the  dead  cell.  For  the  completion  of  a  picture 
of  living  substance  two  questions  now  remain  to  be  answered,  viz. : 
first,  do  the  chemical  compounds  which  are  found  in  the  dead  cell 
occur  as  such  in  the  livmg  cell?  and,  second,  are  there  in  the 
living  cell  still  other  compounds  w^hich  are  not  present  in  the  dead 
oell,  wbicb,  m  other  words,  are  bound  up  inseparably' with  the  iite 
oTlhe  cell  ? 

The  first  of  these  questions  is  relatively  easy  of  answer.  A 
careful  comparison  especially  of  the  solid  bodies  that  may  be  found 
as  reserve-substances  for  a  time  unchanged  in  the  living  cell,  with 
the  corresponding  substances  of  the  dead  cell  shows  that  there 

1  Cf.  p.  157. 
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iKreur  in  the  liviiw  cell  proteids.  carboliyd rates  and  fats,  io  other  I 
words,  the  three  diief  groups  of  organic  compounds,  and  likewio^l 
the  products  of  their  decomposition :  in  brief,  there  occur  all  the ) 
essential  suhstances  that  are  found  in  the  dead  cell. 

There  renains  only  the  question  whether,  in  additiou,  com- 
pounds exist  in  the  living  substance  which  are  destroyed  at  death 
and  hence  are  not  to  be  found  in  the  dead  cell.  A  comparison  nf  tha 
chemical  behaviour  of  living  and  dead  cell-substance  forces  us  to  as- 
sume the  existence  of  such  compounds.  Physiological  chcinislij 
has  shown  that  between  the  two  kinds  of  substance  very  e^seDtial 
chemical  differences  exist,  which  prove  that  living  substHoce  ex- 
periences in  dying  pronounced  chemical  changes.  A  wide-spread 
difference  bei  in  their  reaction.     The   re- 

action of  lijj  ithout  exception  altcalfp^-  or 

neutral  and  a  ly  to  Qfiu)-     further,  cortain 

proteids  that  are  ,  g  eel  I -substance,  as,  r.g.,  the 

myosin  of  mus^l"  ..^uv^^  narkabte  chinges.     In  death 

they  coagulate  '"to  id  state,  which  is  very  unfit 

for  further  eher  Physiological  chemistrj-  has 

shown  similar  cub  ^  ^,1   at  numbei'.     AJI  these  facts 

prove  that  in  the  iving  ce.. -substance  certain  chemical 

compounds  unde%"  uianDiormationa  ;  hence  substances  exist  in  iti«  ' 
which  are  not  to  be  found  in  dead  cell -substance. 

The  fact  that  these  chemical  compounds  are  only  present  in  the 
living  substance  and  are  decomposed  with  death  necessitates  the 
conclusion  that  the  vital  process  is  associated  very  closely  with 
their  existence.  At  all  events  an  important  property  belonging  to 
them  is  their  great  inclination  toward  transformation,  which  is  for 
life  an  indispensable  element.  When  it  is  borne  in  mind  how  few 
caiiKcs  are  able  to  produce  death,  how  almost  all  chemical  sub- 
stances that  are  at  all  soluble  in  water  enter  into  chemical  relations 
with  living  cell -substance,  while  dead  eel  I -substance  usually  be- 
haves whofiy  indifferently  to  the  same  influences,  it  must  be  said 
that  the  substances  that  distinguish  living  from  dead  eel  I -substance 
po.-tf^ofis  a  very  loose  constitution. 

This  conclusion  is  still  more  obvious  when  the  fact  of  metabolism 
is  considered.  Metabolism  shows  that  the  living  cell-aubstance  ia 
being  cfintinually  broken  down  and  reformed,  this  process  being 
made  jiussible  by  the  continual  -  giving-off  and  taking-in  of 
material.  In  .contrast  to  this,  under  favourable  conditions,  dead 
cell-substance  is  capable  of  preservation  for  an  extraordinarily  loag 
time  without  its  excreting  more  than  a  trace  of  the  material  that 
li^-ing  cell -subs  trance  gives  off  continiiallv.  RencL-.  in  contrast  to 
the  former,  the  liitfiT  iiuist  \m-  fii-^lin(,niishc.|  liy  Ihi;  ji.is-^o^sirin  of 
complexes  of  atoms  that  have  very  great  tendency  toward  chemica.. 
tninsfon nations  and  are  continually  undergoing  self-decomposition. 
The  great  lability  of  these  complexes  depends  upon  the  fact  that 
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their  transfonnation  can  be  considerably  augmented  by  slight  in- 
fluences from  the  outside,  as   the   excitation  of  metabolism    by 
stimuli  clearly  shows.     Since,  however,  n^etabolism  constitutes  the     . 
real  vital  process^  it  is  seen  at  once  that  *lifc  depcnH^  Hirnptly  nppn     f 
tke  exigt^ce  of  these  labile  complexes  of  atoms.     We  are,  there- 
lorejustified  in  examinmg  tliese  significant  substances  more  in 
detail  and  investigating  their  nature  somewhat  further. 

In  searching  after  them  we  can  best  start  from  the  decomposition- 
products  excreted  in  metabolism.  It  is  here  found  that  among 
otber  substances,  such  as  carbonic  acid,  water,  and  lactic  acid, 
which  contain  only  the  elements  carbon,  hydrogen  and  oxygen,  com- 
pounds also  occur  that  contain  nitrogen.  The  non-nitrogenous 
decomposition-products  may  possibly  be  derived  from  the  decom- 
position of  carbohydrates,  fats,  etc. ;  but  those  containing  nitrogen 
can  come  only  m)m  the  transformation  of  proteids  or  their 
derivatives,  for  these  are  the  sole  bodies  containing  nitrogen  that 
are  present  in  all  living  substance.  This  important  fact  directs 
attention  first  to  the  proteids. 

That  this, is  the  right  path  becomes  at  once  clear  when  the  facts 
oonceming  the  proteids  are  recalled  that  have  been  mentioned  in 
the  course  of  the  previous  considerations.     These  facts  show  with- 
out doubt  that  the  proteids  stand  at  the  centre  of  all  organic  life. 
It  is  an  important  fact  that  in  all  cases  where  large  quantities 
of  reserve-substances,  such  as  fat,  starch,  and  glycogen,  are  not  ac- 
cumulated in  cells,  the  proteids  constitute  by  far  the  largest  part 
of  the  organic  compounas  of  living  substance.     This  proves  that 
they  must  play  a  significant  rdle  in  the  life  of  the  cell.     The  dom- 
inant position  of  the  prnf.<^iH<^  among  the  chemical  compounds  of 
livin?  substance,  however,  is  at  once  attested  by  the  fact  that  they 
are  the  only  substances  that  can  be  found  in  every  cell  without  ex- 
ception.   It  is  a  further  fact  that  of  all  the  more  important  sub- 
stances in  the  cell  the  proteids  and  their  compounds  present  the 
highest  complexity  in  chemical  composition,  they  comprise  the 
laziest  number  and  variety  of  atoms  in  their  molecules.     The 
known  chemical  r^|Rt.inn<^  ^  tly  non-nitrogenous   organic  sub- 
stances, especially  the  carbohydrates  and  f^,s;  to  the  protekls  are     I 
in  h^mony  with  this  dominant  position  oi  the  latteg  in  living      i 
substance ;  tor,  so  far  as  their  history  is  known,  thosesubstances      1 

either  fiy^  p^ngnmpH    ii^  f^^^jlf^jng  up    the  proteid    Tno1eq|lr>    nr    ntv> 

lenved  from  th^  transformations  of  the  latter.  The  former  is,  of 
coiwse,  shown  most  clearly  by  plants,  in  which  all  organic  com- 
pounds are  manufactured  synthetically  out  of  simpler  inorganic 
•**ul8tances.  In  the  cells  of  the  green  ])lant  occurs  the  synthesis  of 
the  first  organic  product,  starch,  out  of  carbonic  acid  and  water. 
■This  carbohydrate  constitutes  the  organic  basis  from  which  tin* 
[>roteid  molecule  is  developed  synthetically  in  a  complex  and  still 
tartly  unknown  manner  with  the  help  of  nitrogenous  and  sulphur- 
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containiDg  mUs  taken  from  the  earth.  RegnniUng  fe^  it  is  known 
that  it  can  serve  for  the  const ructiim  nf  par^hydr^^t^  by 
transforma  ions  in  the  plant;  the  carbohydmte  then  givt-s  off  in 
turn  the  n  iterial  for  the  formation  of  proteid,  for  in  the  seeds  of 
P(Bonia,  wuich  are  filled  with  fatty  oils,  all  oil  disappears,  e.^.. 
after  long  exposure  to  the  air.  and  starch  appears  in  its  place.  It 
is  thus  seen  most  clearly  in  the  plant  how  different  substaDcca 
serve  for  the  construction  of  the  proteid  molecule ;  but  the  uiumuli 
demonstrates  beat  the  fact  that  the  most  important  non-nitnt-l 
genous  groups  of  atoms  in  living  substance,  es])«;ially  carboh_\Tjrat*w[ 
and  fats,  can  be  derived  from  the  decomposition  of  the  prrtteJill 
molecule.'  Thus,  the  fact  that  fat  can  be  derived  from  proteid  has 
been  demonstrr'  "*  ^""  '  "  '~  *"""  experiments  on  phosphorus 
poisoning  in  frogK  --  -  (inann  in  his  experiments  on 

the   nutrition  of  -         mca  with   blood  freetl   from   fat 

Further,  Claude  recently  Mering  have  proved  upon 

dogs  whose  bodies  ■^  .letu  irom  gly  :open  by  fasting,  that  after  the 
feeding  of  proteid  i  is  again  n  anufactured  in  great  quantity, 

in  other  wonls,  t  >hydmte  can  be  derjve)!    from  the 

transformatiop  of  DQ  ally,  Qaglio  has  e.stabUahed  the  fact 

that  the  lactic  aciau-  . —  boay  is  derived  from  the  transformation 
of  the  proteid  molecule,  since  the  quantity  of  it  in  the  blood  is 
dependent  solely  upon  the  quantity  of  proteid  that  is  eaten. 
Regarding  the  nitrogenous  excretory  products  of  the  body,  it  ts 
evident  that  they  can  be  derived  only  from  the  transformation  of 
proteida  and  their  compounds,  since  no  other  nitrogenous  bodies 
ari'  present  among  the  essentia!  organic  compounds  of  living  .sub- 
wtanee.  But  the  most  striking  proof  of  the  fact  that  all  substances, 
both  non -nitrogenous  and  nitrogenous,  that  are  essential  to  the 
life  of  the  cell,  can   be  derived   oy  chemical  transfonnation  from 

Eroteids,  is  afforded  by  one  of  the  most  significant  facts  of  physio- 
•ey.  namely,  the  jmssibility  that  camivora  are  capable  of  raain- 
taming  their  life  upon  pure  proteid  and,  as  Pfltigcr  ('91)  has  recently 
f  hi  iwn,  possess  great  capacity  for  doing  work.  ?>;  othing  demonstrates 
l>i.-lti'i-  tJuin  this  fact  the  controlling, position  of  the  proteid 
iiLiiliriilf  in  the  vital  process. 

Hin'ce,  not  only  does  it  follow  from  the  fact  of  metabolism  that 
very  labile  complexes  of  atoms  exist  in  living  substance,  with  the 
presence  of  which  life  is  inseparably  associated,  but  it  is  the  pro- 
ti:-ids  whose  presence  constitutes  the  general,  essential  condition 
and  f.iciis  of  life.  If  we  endeavour  to  harmonize  these  twofilCtSithe 
M  nil  vr.il  iiiblf  necessity  arises  of  assuming  in  living  celt-substance,  be- 
sides the  known  proteids  that  occur  also  in  deatt  substance,  certAin 
other  proteids  or  compounds  of  proteids,  that  are  present  in  life 
only  and  terminate  life  with  their  decomposition. 

Dead  proteid.  as  it  is  found  in  the  dead  egg  of  the  fowl, or  as  it 
'  C/.  p.  163. 


lead  I 
a  in  I 
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is  stored  in  quantity  in  living  egg-wlls  in  the  form  of  vitelUna,  is 

able  to  exist  for  an  estraordinai-ily  long  time  without  undergoing 

the  slightest  decomposition,  if  protected  from  bacteria.     Certain 

proteids  or  proteid  compounds  of  living  substance,  however,  are 

tontinually  undergoing  spontaneous  decomposition,  even  when  the 

living  substance   is  under  wholly  normal  conditions,  and,  as  is 

dwwn  by  the  products  that  are  given  otf,  the  slightest  action  of 

Mimuli  increases  the  decomposition.  A  long  time  ago  Pfltieer(75,l), 

M  has  been  seen   elsewhere,'  called  attention  to  this  important 

ifftjrence  between  the  proteid  in  dead  and  that  in  living  cell- 

ibstance  in  his  valuable  work  upon  oxidation  in  living  substance, 

KJ  distinguished    clearly   between     living   proteid    and    dead 

piWid.     Tav  fundamental  difference  between  the  two  consists  ' 

K  fiict  that  the  atoms  of  the  dead  proteid   molecule  are  ii 

'itiim  of  stable  equilibrium,  while  the  living  proteid  molecule 

fises  a  very  labile  constitution. 

Pfliigtr's  assumption  of  living  proteid,  which  distinguishes  living 

ll-subatance  from  dead  and  in  tne  loose  constitution  of  which  lies 

.  e  essence  of  life,  is  necessitated.     But  this  substance  must  be  of 

nentially  different  composition  from  dejid  proteid,  although,  as 

"  ws  from  the  character  of  its  decomposition-products,  certain 

uteristic  atomic  groups  of  the  proteids  are  contained  in  it. 

great  lability  that  distinguishes  it  from  other  proteids,  can  be 

litioned  only  by  an  essentially  different  constitution.    Further, 

cs  will  rightly  object   to   the  terming   of  this   hj-pothetical 

nnpuund  a   "  living   proteid  molecule, "   for   there  is  a  certain 

itnuljction  in  calling  a  molecule  living.     The  word  "  living  " 

be  applied  only  to  something  that  exhibits  vital  phenomena. 

^^  jce,  the  expression  "  living  substance  "  is  well  justifaed.  for  vital 

ihenomena  may  be  observed  in  living  substance  as  a  whole.     Bat 

tnolocule  cannot  exhibit  vital   phenomena,  at  least  as  long  as  it 

lists  as  such ;  for  if  any  changes  appear  in  it  it  is  no  longer  the 

^aaJ  molecule ;  and,  if  it  continues  unchanged,  vital  phenomena 

»  not  present  in  it.     The  latter,  which  are  basod  upon  chemical 

ises,  can  be  associated  only  with  the  construction  or  the 

iction  of  the  molecule  in  question  :  and  thus  the  application 

Wither  name  to  the  compound  that  is  at  the   focus  of  life  is 

wWy  justified.     In  onler  to  distinguish  this  bofly,  therefore,  from 

•d  jtruteid  and  to  indicate  its  high  significance  in  the  occurrence  of 

tal  phenomena,  it  appears  fitting  to  replace   the  term   "  living 

Wad"    with     that     of    h'uigen.       The     expressions     "plasma 

fllecule,"   "  plasson   molecule,"  "  plastidule,"  etc.,  which  Elsberg 

fit  and  Haeckel  (IG)  have  employed,  and  the  conceptions  of 

bich  are   comprised   approximately   in   the   expression  "  biogen 

oImuIc,"  are  lessfitting  in  so  far  as  they  easily  give  the  impression 

lit  protoplasm  is  a  chemically  unitary  body,  which  consists  of 

'  (J^  p.  304. 


wholly  simil.  r  molcculea  ;  such  a  view  must  be  expressly   rejected. 
Protoplasm  u;  a  morphological,  not  a  chemical  conception.' 

Extremelj  litlie  is  rdoWH  (fUTlceiTlliig  Diogens,  and  this  feci 
should  not  be  concealed.  Since  the  constitution  of  the  proteids 
themselves,  i.e.,  substances  that  can  be  investigated  chemically  at 
any  moment,  is  not  at  all  knonii.  it  is  readily  understood  that  we 
possess  much  less  knowledge  concerning  the  biogens,  the  com- 
position of  which  can  only  be  inferred  from  their  aecompositioo- 
products.  It  can  be  maintained  of  them  only  that  they  art-  extra- 
ordinarily labile,  and  this  property  gives  to  them  a  certain  simi- 
larity to  explosive  bodies.  Pflilger  (75,  1)  has  employed  certain 
facts  in  a  moat  ingenious  manner  for  the  purpose  of  obtaining 
conclusions  reganimg  certain  chamctcristics  of  biogens,  which 
make  intelligible  the  great  lability  of  the  biogen  molecule  in 
comparison  with  the  molecule  of  dead  proteid. 

The  starting-point  of  PflUger's  discussion  is  a  comparison  of  the 
decomposition-products  that  arise  spontaneously  and  continually 
in  the  oxidation  of  living  proteid,  such  as  in  respiration,  with  those 
that  are  obtained  by  the  artiiicial  oxidation  of  dead  proteid.  This 
demonstrates  the  important  fact  that  the  non -nitrogenous 
decomposition-products  in  the  two  cases  agree  essentially.  wMIe 
the  nitrogenous  products  possess  not  the  slightest  similarity. 
"  It  follows  ftvim  this  that,  as  regards  its  hydrocarbon  radicals. 
living  proteid  is  not  essentially  different  from  the  proteid  of  food," 
The  important  difference  between  the  two  consists  rather  in 
the  arrangement  of  the  nitrogenous  groups  of  atoms.  If,  however, 
the  nitrogenous  decomposition -prod  nets  of  living  proteid  be 
examined,  such  ae  urea,  uric  acid,  creatin.  etc.,  as  well  as  the 
nnciein  bases,  adenin,  hypoxanthin,  guanin  and  santhin,  it  is  found 
that,  ill  contrast  to  the  nitrogenous  products  that  appear  in  the 
oxidation  of  dead  proteid.  some  can  be  artificially  prepared  from 
cyanogen  compounds,  while  others  contain  cyanogen  (CN)  as  a 
radical.  Hence  it  is  highly  probable  that  the  carbon  and  the 
nitrogen  are  combined  in  the  biogen  molecule  into  cyanogen, 
a  radical  that  is  wanting  in  dead  proteids. 

Thus  there  is  presented  a  very  fundamental  difference  in  the 
constitution  of  biogens  and  that  of  dead  proteids ;  this  explains 
also  the  great  lability  of  the  biogen  molecule,  for  cyanogen  is  a 
radical  that  contains  a  great  quantity  of  internal  energy,  all  its 
compounds  possessing  strong  inclination  toward  decomposition. 
This  fa(.t  enables  us  to  understand  the  process  of  respiration,  for 
when  in  the  biogen  molecule  two  atoms  of  oxygen  come  into  the 
vicinity  of  the  very  labile  cyanogen  radical,  by  reason  of  the  active 
intramiilfciilar  vibrations  of  the  carbon  and  nitrogen  atoms  in 
cyanof;i>ii  the  carbun  atom  will  unite  with  the  oxygen  to  form  th 
very  stable  molecule  of  carbonic  acid.     In  fact,  cyanogen  is  very 
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easily  combustible,  and  in  its  combustion  yields  carbonic  acid. 
Thus,  Pfliiger  believes  that  the  continual  taking-in  of  oxygen  and 
giving-out  of  carbonic  acid  on  the  part  of  living  substance  depends 
upon  the  presence  of  the  cyanogen  radical,  and  that  the  intramo- 
lecular oxygen  is  the  essential  condition  of  the  tendency  of  living 
substance  to  decompose. 

In  these  considerations  we  find  a  basis  for  an  idea  of  the  manner 
in  which  the  formation  of  a  biogen  molecule  takes  place  in  an 
;  animal  cell  out  of  the  ingested  food.  By  the  co-operation  of  the 
hiogeDS  already  present,  the  atoms  of  the  dead  proteid  molecule 
introduced  in  the  food  undergo  in  the  cell  a  rearrangement,  in 
BQch  a  manner  that  an  atom  of  nitrogen  always  unites  with  an 
atom  of  carbon  to  form  the  cyanogen  radical  with  the  loss  of 
water.  The  changes  that  necessarily  appear  at  the  same  time  in 
the  other  groups  of  the  proteid  molecule  are  for  the  present  wholly 
unkno¥m,but,if  we  may  judge  from  the  essential  agreement  in 
Ihe  non-nitrogenous  decomposition-products  of  the  living  and  of 
the  dead  proteid,  they  do  not  appear  to  be  of  fundamental 
importance.  By  the  intramolecular  addition  of  inspired  oxygen 
the  biogen  molecule  finally  arrives  at  the  maximum  of  its  power 
of  decomposition,  so  that  only  very  slight  impulses  are  required  to 
Iring  about  the  union  of  the  atoms  of  oxygen  with  the  carbon  in  . 
the  cyanogen.  The  material  of  the  non-nitrogenous  groups  of  I 
atoms  afforded  by  the  explosive  decomposition  of  the  biogen  * 
molecule  can  easily  be  regenerated  by  the  residue  of  the  biogen 
molecale  from  the  carbohydrates  and  fats  that  are  present  in  the  [ 
living  substance  and  contain  such  groups ;  in  fact,  it  has  been  seen  ' 
that  these  substances  are  consumed  in  the  building-up  of  proteid. 
"Probably  this  is  the  essential  significance  of  these  satellites  of 
the  proteid  molecule,"  as  Pfiuger  very  fittingly  terms  the 
earbonydrates  and  fats.  If,  finally,  the  living  substance  dies,  the 
labile  cyanogen-like  compound  of  nitrogen  passes  over  again  into 
the  more  stable  condition  of  the  ammonia  radical  with  the 
aheorption  of  water,  the  nitrogen  uniting  with  the  hydrogen  of  the 
water.  Thus  we  have  again  the  stable  compounds  of  dead  proteid, 
wch  as  serve  for  food.  These  are,  in  brief,  some  of  the  essential 
featnres  of  the  abbreviated  path  followed  by  the  food  in  the 
cimstniction  of  the  biogen  molecule  in  the  animal  cell.  The  much 
knger  path,  which  in  the  plant  cell  leads  from  the  ingestion  of  the 
simplest  inorganic  compounds  through  the  synthesis  of  the  first 
oibohydrate  and  on  to  the  construction  of  the  biogens,  is  for  the 
piesent  much  more  obscure. 

Notwithstanding  the  facts  that  the  views  here  developed  have  been 
wnfinned  by  experiment  only  in  part,  and  that  they  contain  many 
httge  saps,  which  can  be  filled  only  slowly,  they  aftbrd  at  least  a 
hws  for  an  understanding  of  the  fundamental  processes  in  living 
substance.       The  metabolism  of  living  substance,  upon  which  all 
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life  is  based,  conditioned  by  the  existence  of  certain  very  labile 
compounds,  Wu.ch  stand  next  to  the  proteids  and  on  account  of 
their  elementary  significance  in  life  are  best  termed  biogens.  To 
a  certain  degree  the  biogens  arc  continually  undergoing  spon- 
taneous decomposition,  just  as  is  the  case  with  other  organic  bodies, 
e.,?.,  prussic  acid.  But  this  decomposition  is  much  more  extensive, 
if  even  slight  external  stimuli  act  upon  the  living  substance.  We 
must  iiDM'ine  that  by  reason  of  the  extremely  active  intramolecu- 
lar vibration  of  the  atoms,  which  is  the  cause  of  the  labile  con- 
dition, certain  atoms,  partly  spontaneously  and  pai'tly  as  a  result 
of  external  commotions,  come  under  the  influence  of  others  for 
which  they  possess  greater  affinity  than  for  their  original  neigh- 
buura,  and  in  this  manner  more  stabl  |px>upings  of  atoms  arise  as 
inde[)endent  compounds.  In  this  re  ct  the  biogens  can  be  com- 
pared to  explosive  substances,  the  aui.  is  of  which  possess  likewise 
very  labile  equilibrium  and  which  uj  n  receiving  violent  shoeks 
explode,  i.e.,  rearrange  their  atoms  intu  more  stable  compoumbj 
«j?.,  nitroglycerine  or  trinitrate  of  glyceryl,  which  is  employed  fiir 
making  dynamite,  is  decomposed  by  mechanical  impulses  or  electric 
shocks  into  water,  carbonic  acid,  nitrogen  and  oxygen  :  2CjH((0 
NO^)j  =  5HjO-l-6COi-l-6N-f-0.  But,  in  contrast  to  other  ex- 
plosive bodies,  we  must  evidently  ascribe  to  the  biogens  tht 
peculiarity  that  in  decomposition  the  whole  molecule  is  not  de- 
stroyed, but  that  certain  groups  of  atoms,  which  are  formed 
by  rearrangement,  are  spht  off,  while  the  residue  is  again 
built  up  into  a  complete  biogen  molecule  at  the  exjiense  of  the 
materials  found  in  its  vicinity,  just  as  in  the  manufacture  of  cod- 
centmted  sulphuric  acid*  the  nitrous  acid  formed  from  nitric  acid 
by  the  withdrawal  of  oxygen  is  rebuilt  into  nitric  acid 
with  the  aid  of  the  oxygen  of  the  air.  The  substances  still  pre- 
sent in  the  living  substance  in  addition  to  the  biogens  are  merely 
"  satellites  "  of  the  biogen  molecule,  and  either  serve  for  its  con- 
struction or  are  derived  from  its  transformations.  Thus  far  no 
substances  have  been  made  known  in  living  matter,  which  can 
stand  in  any  nearer  or  more  remote  relations  to  the  biogens. 
Xi'verlhelesa,  from  the  variety  in  the  decomposition-products 
i\\M  an  excreted  by  different  kinds  of  cells  in  metabolism,  it 
«ius.t  K'  concluded  with  great  probability  that  biogen  molecules 
^•**v  UtA.  in  all  celb  exactly  the  same  chemical  composition,  bub 
S-'Mi  ihi>inj  aro  various  biogen  bodies,  and  even  that  the  biogens 
■••■*■  .«U  iiTdiflrvrent  cells,  but  of  the  various  differentiations  of  the 
xiiiiv  ^v^V.  MK'h  as  exoplasm,  myoids  or  contractile  fibres,  muscle- 
■«i'»'IIiv.  v-tlMLflc.  have  different  constitutions,  although  thev  agree 
■'  :v?«,u4t>k)  lU'i'-'uiv.  The  biogens,  therefore, are  thi>  real  bearers 
'  n  OH'tir\>wliiuial  decomposition  and  reformation  constitut«±a 
'■t  ttkvvvi^  lor^^'h  is  expressed  in  the  manifold  vital  phenomena. 
'  C/.  p.  125, 
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2.  Biotoiius 

Now  that  we  have  become  acquainted  with  the  simplest  schem- 
atic expression  of  the  elementary  vital  process  in  the  construction 
and  destruction  of  biogens,  we  must  consider  more  in  detail  certain 
metabolic  relations  that  result  from  these,  and  we  must  define 
certain  conceptions  which  are  important  in  clarifying  our  ideas 
upon  metabolism. 

It  will  be  recalled  that  two  phases  are  distinguished  in  meta- 
bolism, assimilation  and  dissimilatiori.  By  assimilation  is  understood 
the  capacity  of  living  substance  to  construct  its  like  continually 
from  the  ingested  food-stuffs  ;  by  dissimilation,  the  capacity  to 
decompose  continually  into  the  products  excreted  by  it.      In  ac- 
cordance with  the  above  considerations,  this  conception  can  be 
formulated  more  exactly  as  follows :  assimilation  comprises  all  those  » 
transformations  that  lead  up  to  the  construction  of  biogens,  dis-  I 
similation  all  those  that  extend  from  the  decomposition  of  biogens/ 
down  to  the  complete  formation  of  the  excretion-products. 

Such  an  exact  definition  of  these  two  fundamental  conceptions 
of  the  theory  of  metabolism  is  necessary,  for,  when  we  glance  at 
the  history  of  the  theory,  we  find  that  they  have  been  employed 
with  very  different  meanings.  Assimilation,  which  originally 
signified  in  a  very  general  sense  the  formation  of  living  substance  in 
the  organism  out  of  non-living  food,  has  been  employed  by  botanists 
in  a  very  special  way.  Plant  physiology  in  large  part  still  means 
by  assimilation  exclusively  the  synthesis  of  starch  from  water  and 
carbonic  acid  in  the  chlorophyll-bodies  of  the  ffreen  plant-cell. 
This  narrov/  conception  has  gradually  been  widened  in  animal  phy- 
siology, and  the  term  has  been  employed  not  only  for  the  synthesis 
of  the  first  organic  product,  but  also  for  the  construction  out  of  the 
ingested  food-stuffs  of  the  more  complex  compounds  of  living  sub- 
stance, especially  those  that  are  characteristic  of  every  form  of  cell, 
the  proteids.  In  contrast  to  this  latter  use,  Ewald  Hering  (*88) 
has  conceived  the  word  in  a  narrow  sense,  and  in  a  small  but  sug- 
gestive work  has  sharply  separated  assimilation  from  growth.  By 
the  former  he  understands  only  the  qualitative  chemical  change  of 
particles  already  present ;  in  other  words,  the  completion  of  the 
particles  up  to  the  maximum  of  their  constitution  ;  under  growth, 
on  the  other  hand,  he  includes  not  qualitative  changes,  but  only  a 
quantitative  increase  of  the  particles  present.  In  addition  to  this 
Hering  has  created  the  conception  of  dissimilation  and  placed  it 
beside  that  of  assimilation,  finding  between  dissimilation  and 
atrophy  a  difference  corresponding  to  that  between  assimilation 
and  growth  ;  the  qualitative  change  associated  with  the  separation 
of  certain  substances  from  the  particles  present  he  terms  dissimila- 
tion, and  the  quantitative  diminution  of  the  particles,  atrophy^ 
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But  this  sh.irp  separation  of  assimilation  and  dimainiilation  od  the 
one  side,  ana  growth  and  atrophy  on  the  other,  can  scarcely  be  ciain- 
tained,  at  least  in  so  far  as  the  former  are  conceived  to  be  based 
upon  purely  qualitative,  the  latter  upon  purely  quantitative  changes 
of  living  substance.  The  formation  of  living  substance  takes  place 
only  with  the  help  of  living  substance  already  present.  OnJv 
where  such  substance  already  exists  can  new  masses  of  it  be  formco. 
This  is  true  even  of  the  plant-cell,  in  which  the  living  substance  is 
produced  in  great  measure  from  purely  inorganic  materials.  Il 
must  be  concluded  from  this  that  in  growth  the  biogen  molecuk- 
attracts  to  itself  from  the  food  the  elements  necessary  for  the 
formation  of  living  substance  and  oombine-s  them  chemically,  and, 
therefore,  it  is  changed  qualitatively  in  growth.  The  general 
tendency  of  proteids,  and  likewise  of  the  cyanogen-con  tiaining 
groups  of  atoms  hypothetically  present  in  the  biogen  molecule,  to 
pol)'nierisation,  as  Pfliiger  has  already  emphasised,  allows  us  tii 
understand  this  growth  by  chemical  union.  On  the  other 
hand,  atrophy  is  only  conceivable  as  taking  place  by  moans 
-of  chemical  decomposition,  that  is,  by  a  qualitative  change  of 
the  living  jiartictee.  But  even  if  we  can,  and  must,  dis- 
tinguish tne  regeneration  of  certain  parts  of  the  biogen  molecule 
fr^m  the  reformation  of  whole  biogen  molecules,  and,  likewise,  the 
separation  of  single  groups  of  atoms  from  the  complete  decomposi- 
tion uf  the  molecule,  chemical  changes  are  always  present,  which 
are  directed  to  either  the  construction  or  the  destruction  of  complete 
biogen  molecules.  Regeneration  is  only  a  part  of  the  process  of 
the  formation  of  a  new  biogen  molecule,  and,  likewise,  the  splitting- 
iiff  1  if  certain  groups  of  atoms  is  only  a  part  of  the  phenomenon  of 
deeoiji])osition.  In  an  hj'pothesis  upon  the:  nature  of  assimilation. 
Hatschck  ('94)  has  also  established  a  relation  between  this  process 
and  growth.  He  assumes  that  in  growth  the  simple  molecule  of 
living  proteid  continually  attracts  elements  to  itself  from  the  food 
until  it  has  become  a  polymeric  molecule ;  it  then  breaks  down  into 
simple  molecules,  and  the  latter  gradually  develop  chemically  anew 
into  a  polymeric  molecule  by  the  imion  of  the  necessary  atoms  and 
the  groups  of  atoms,  aad  so  on.  In  other  words,  Hatschek 
likewise  sees  in  growth  a  chemical  process,  which  does  not  differ 
fundamentally  from  regeneration.  After  all  these  conside lotions 
it  apjiears  advantageous  to  employ  the  conceptions  of  assimila- 
tion and  dissimilation  in  the  more  general  sense,  including  therein 
the  formation  of  new  and  the  disappearance  of  old  molecules,  and 
to  give  to  them  the  above  exact  woraingi 

As.tiiiiitnlion  comprises  all  tliose  traii&formatioHS  that  Imd  up  to  the 
rmiMrndion  of  biogens,  dissiviiliilion  all  Hu-se  that  erieml  from  tkf. 
iliroiiipiisilioji  of  bwfjenn  down  to  the  complete  formntiiyii  of  tk: 
excreltoH-p  roducts. 

It  ii^,  however  important  to  examine  somewhat  mure  in  detail 
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the  relation  of  these  two  processes.  Living  substance  is  continually 
performing  both.  Hering  believes  that  these  processes,  which 
constitute  the  metabolism  of  living  substance,  "  take  place 
simultaneously  in  all  the  most  minute  parts  of  the  latter." 
Hatschek  has  expressed  a  view  diflfering  from  this,  and  emphasises 
the  difficulty  of  tne  idea  "  that  the  proteid  molecule  simultaneously 
receives  and  rives  off  carbon."  When  only  a  single  particle  is 
considered,  it  is  very  difl&cult  to  conceive  this  process,  for  the  split- 
ting-off  and  the  regeneration  of  any  groups  of  atoms  by  a  molecule 
exclude  each  other  chronologically,  and,  when  considered  strictly, 
althoughinstantaneous,they  are  only  able  to  take  place  in  succession, 
unless  it  is  assumed  that  corresponding  groups  of  atoms,  separated 
from  the  molecule  at  one  place,  are  added  to  it  at  another  place. 
This  latter  idea  Hering  himself  rejects,  since  he  emphasises  the 
following :  "  We  ought  not  to  be  misled  into  picturing  living 
substance  as  a  mass  that  is  at  rest  internally,  while  being 
consumed  upon  one  side  and  built  up  upon  the  other."  If  we  are 
unable  to  conceive  the  dissimilation  and  assimilation  of  the 
minutest  individual  particle  or  biogen  molecule  as  absolutely 
simultaneous,  within  a  larger  quantity  of  living  substance  these  two 
processes  can  take  place  at  the  same  time.  In  this  latter  case 
there  are  always  different  molecules  that  are  destroyed  and  rebuilt 
at  the  same  moment,  for  only  the  residue  of  the  biogens  already 
present  is  capable  of  regeneration,  and,  vice  versa,  only  the 
complete  biogen  molecules  already  present  are  capable  of 
decomposition. 

If  we  consider  the  quantitative  relation  of  assimilation  to  dissimi- 
lation in  a  considerable  mass  of  living  substance,  for  example  such 
as  is  contained  in  a  cell,  we  find  it  very  variable,  and  even  without 
the  influence  of  stimuli  it  changes  within  wide  limits.  This 
relation  of  the  two  processes  in  the  unit  of  time,  which  can  be 

expressed  by  the  fraction  ^  and  will  be  termed,  in  brief,  hiotonus, 

is  of  fundamental  importance  for  the  various  phenomena  of  life. 
The  variations  in  the  value  of  the  fraction  effect  all  changes  in  the 
vital  manifestations  of  every  organism. 

The  fraction   —    is  merely  a  general   form   of  the   expression 

of  biotonus.  In  reality,  assimilation  and  dissimilation  are  not 
simple  processes;  on  the  contrary,  the  events  that  lead  to  the 
construction  of  the  biogen  molecule  and  the  formation  of  the 
decomposition-products  are  very  complex  and  consist  of  many  pro- 
cesses closely  mterwoven.  Hence,  if  we  would  express  biotonus 
in   a   specialised   way,   we   must    give    the    fraction    the    form 

^      ^-——^'^  in  which  a,  a^,  a^,  a^,  etc.,  and  d,d^,  d^,  d^,  etc., 

d+d^  +  d.^+d^+  .  .  . 

represent  the  partial  processes  that  combine  to  form  the  whole. 


With  our  extremely  slight  knowlt-dge  of  the  more  special  tmuf- 
formations  thnt  take  place  in  living  substance,  it  is  at  proMenl 
imposailili-  even  approximately  to  review  the  manifold  poMl- 
bilities  resulting  from  changi-s  of  the  individual  coinpooent-sof  tlie 
biotonoti^  quotient.  Therefore,  we  shall  here  refer  only  to  some  oi 
the  more-  important  of  the  known  cases. 

If  thi'  sum  of  all  the  members  of  aerie.s  A  is  equal  to  the  SOin  of 
series  Z>,  i.e.,  if  assimilation  and  dissimilation  are  equal  in  the  nnit 


termed  metabolu:  equUVn-ium.  That  is,  in  the  unit  uf  time  the  sam 
of  the  excreted  substances  of  every  kind  is  equal  to  the  siirij  of  the 
ingested  substances, 

If  the  individual  members  of  series  A  increase  in  a  constant  n.- 
lation  to  one  another,  while  the  members  of  series  D  remain  eiiuaJ 
or  decrea.se.sothat  in  theunitoftime  the  sum  of  the  members  of  jl 
is  greater  than  that  of  the  members  of  D,  then  the  metabolic  quo- 
tient-=>1.  This  case  is  realised  in  gi-owth,  where  the  form- 
ation of  living  substance  surpasses  its  destruction. 

If,  vice  Tcrsn,  the  members  of  series  U  grow  proportionately  to 
one  another,  while  those  of  series  A  remain  unchanged  or  become 
smaller,  hiotonus  7j<Cl-     This  condition  is  the  biisis  of  iitn>pfay 

and  leads  finally  to  death. 

But  it  is  wholly  unnecessary  that  all  members  of  the  one  or  the 

other  srriis  change  always  simultaneously  and  jiroportionately ; 
inilivi<liial  members  can  also  increase  or  decrease  independently 
of  the  others.  Thus,  the  metabolism  of  carbon  in  an  organism 
m;iy  bL'  augmented  without  that  of  nitrogen  experiencing,  a 
corresjHjnding  increase.  In  this  way  occur  the  formation  and  accum- 
ulation of  reserve-substances,  which  are  consumed  later.  Upon  such 
(.■hiinjrc;f.  of  the  individual  members  of  the  two  series  depend  all  the 
I  ilii.'uon  II  iia  that  appear  in  an  organism  in  the  course  of  development. 
ill  m;in_\  .vises,  as  is  shown  best  by  the  changes  appearing  during 
lieveloiiiiiL-jit,  there  exists  a  certain  mutual  independence  of  the 
imiiviuiial  members  of  the  metabolic  eeries,  On  the  other  lumd, 
theiv  arc  very  many  cases  in  which  not  only  the  individual 
meiiibci-s  of  each  series,  but  also  the  two  series,  are  dependent  upon 
one  anorhcr  in  such  a  manner  that  the  change  of  the  one  results 
in  ii  siiiiiiiir  change  of  the  other.  H.ff.,  if  there  is  metabolic 
e(|uilibriinii  and  the  numerator  of  the  fraction  increases,  the 
denominator  increases  equally;  if  the  denominator  decreases, 
the  numerator  does  the  same ;  in  other  words,  every  increase  of 
assimilation  results  in  a  corresponding  increase  of  dissimilation. 
Ill  this  manner  the  metabolic  quotient  -y-  remains   alwa}'s   equal 
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to  1,  i.e.y  metabolic  equilibrium  continues  to  exist  in  spite  of  the 
absolute  change  in  the  extent  of  metabolism.  Hering  very 
fittingly  terms  this  maintenance  of  equilibrium  "  the  internal  self- 
legulation  of  the  metabolism  of  living  substance."  Such  a  self- 
regulaiion  of  metabolism  within  definite  limits  is  realised  in  man 
in  the  behaviour  of  the  body  toward  ingested  nitrogen.  With 
a  definite  quantity  of  ingested  proteid,  which  Voit  has  found  to  be 
approximately  118  gr.  in  the  labouring  man,  nitrogenous  equili- 
brium continues  to  be  maintained ;  i.e.,  the  more  nitrogen  is 
introduced  in  the  proteid,  the  more  is  excreted  in  the  urine,  a  sign 
•that  the  dissimilation  of  proteid  increases  in  the  same  proportion  r 
as  the  assimilation. 

This  last  example  leads  us  to  the  action  of  stimuli  upon  biotonus, 
and  we  must  consider  this  in  some  detail. 


R  THE  ACTION   OF   STIMULI   UPON   THE   METABOLISM   OF   BIOGENS 

1.     Changes  of  Biotonus  upon  Total  Stimulation 

It  has  been  seen  that  biogens  are  very  labile  compounds  con- 
taining much  intramolecular  heat ;  in  other  words,  the  atoms  of 
their  molecules  are  in  active  vibi-ation.     As  a  result  of  this,  certain  i 
atoms  come  occasionally  into  the  sphere  of  attraction  of  others,  I 
and  becoming  united  with  them  into  a  more  fixed  combination, 
separate  off  as  an  independent  molecule.     In  this  way  the  spon- 
tmeous  dissimilation  of  the  biogen  molecule  results.       But    the  i 
chemical  aflSnities  made  available  by  the  withdrawal  of  the  separated  ] 
groups  of  atoms  have  in  the    constituents   of  the  food  that   isj 
taken  in  and  transformed  in  manifold  ways,  an  opportune  possibility! 
of  combining  again,  so  that  the  residue  of  the  biogen  can  be  rebuilt  I 
into  a  whole  biogen  molecule.      Thus  spontaneous  assimilation  of  i 
the  biogen  molecule  follows  its  spontaneous  dissimilation.  I 

Since  the  dissimilation  of  the  biogens  is  conditioned  by    the 
mtia^^)pp.iijg^r  vibrations  of  the  atoms,  it  is  evident  that  all  factors 
that  increase  such  vibrations  must  assist  the  process  of  dissimila- 
bfiB^      In  this  way  is  explained  the  mcroased  decomposition  of 
fiving  substance    that   can    take   place    under   the   influence   of 
chemical,  mechanical,  thermal,  photic,  and  galvanic  stinuili.     If  the 
extemal  influences  are  so  strong  that  a  profound  decomjKJsition  of  | 
'OB  molecule  takes  place,  and  no  residue  capable  of  regeneration  is 
'eft,  there  results  a  decrease  of  the  living  substance,  and  with  over- 
stimulation death.     On  the  other  hand,  the  pi-ocess  of  dissimihitioji 
^  ciepy^sM^^  by  all  factors  that  diminish  the  intraniolecular  vibra- 
tUttg  of  the  atoms  in  the  biogen  molecule,  such  as  cooling  and  the 
action  of  substances  that  fixate  single  atoms  in  a  definite  position 
^y  chemical  attraction.     All  of  these  stimuli   that  either  excite 
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tir  depress  th  ;  process  of  dissimilatiuu,  we  .^hiill  term  dissitnitatcry 
stimuli. 

Upon  the  other  side,  it  is  clear  that  assimilation  also  can  be  pro- 
moted by  ext-ernal  influences.  This  pruccss  depends  upon  the  union 
of  chemical  a  init^ga  belonging  to  both  the  nainye  ofthf;  hiop-<>j>s  and 
the  complete  biotren  nioleciilea  themselves,  the  participation  of  the 
latter  following  from  their  inclination  to  poiiTuerisatioD-  Hence 
all  those  factors  can  increase  assimilation,  which  procure  and  ptii 
into  proper  form  the  substances  that  are  necessary  for  the  tijuiop  of 
the  existing  affinities.  The  increased  introduction  of  tbod-materiaU 
I  and  oxygen  is  more  than  all  else  efficient  in  this  dii-ection,  Kxain-| 
plea  of  other  agencies  are  light  in  the  cells  of  green  plants,  which  is 
necessary  to  split  up  carbonic  acid  and  make  carbon  available, 
and  all  atimuh  that  incite  the  production  of  ferments,  which  are 
needed  to  make  solid  foo<l-stuffs  soluble.  But,  on  the  other 
himd.  there  are  factors  that  depress  the  process  of  assimilation. 
Special  examples  of  these  are  lack  of  food  and  oxygen,  in  the  plant- 
cell  lack  of  light,  and  the  absence  of  ferments.  We  shall  term 
all  these  hctors  that  either  excite  or  depress  the  process  of  assimi- 
lation, asdmilaton/  stimuli. 

Four  important  cases  of  reactions  can  thus  bv  diatinguis] 
Stimuli  are  able  to  produce : — 

1.  Excitntjnn  of  dissimilation. 

2.  Dfi.TV"i..n  or  <li,"i.iiihli,.n. 

3.  EM'itati.m  nC,,-.ii„ilHrh,n. 

4.  DeprrsMu.inl  assiiiiilaiioii. 
But  the  possibiiitiefi  are  not  yet  exhausted.     For  the  individa. 

events  in  living  substance  are  in  extremely  close  correlation  with 
one  another,  and,  as  has  been  seen,  in  ceitain  cases  a  complete 
internal  self- regulation  of  metabolism  is  thereby  occasioned,  so 
.  that,  r.,'/.,  every  change  of  assimilation  results  in  an  equal  change  of 
dissimilation.  Hence  it  is  possible  that  a  stimulus  can  call  forth 
simultaneously  excitation  or  depression  of  both  dissimilation  and 
assimilation.  The  following  must,  therefore,  be  added  to  the  four 
cases  above :—  _ 

5.  Tot.ul  excitation. 

6.  Total  depression.^ 

In  connection  with  these  it  is  to  be  noticed  that  different  parts 
of  the  metabolic  series  can  be  excited  or  depressed  in  unequal  de- 
grees. 

But  still  other  possibilities  are  conceivable.  Internal  self- 
regulation  of  metabolism  does  not  exist  everywhere,  and  where  it 
exists  it  is  confined  ^vithin  certain  limits :  for,  if  it  were  effective  at 

ailtiiiM— -.1  'i:  ..!t  r'...  -  ..  :,■-!  i!.i  ir.i  ,^..;:.■  ...|.. ;:;!.,-.  ■,:  ^,.,„!,i 
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w,  m  vena,  depression  of  assimilation  and  excitation  of  dissimi- 
Wion.  There  would  thus  be  added  to  the  above  six  cases  of 
leactions  the  last  conceivable  ones  as  follows  : — 

7.  Excitation  of  assimilation  +  depression  of  dissimi- 
lation. 

8.  Depression  of  assimilation  +  excitation  of  dissimi- 
lation^   ■> 

These  various  possible   effects  of  stimulation,   which   Hering 

■       ('88)  has  fully  treated  in  his  short  dissertation  upon  the  events 

occumDg  in  living  substance,  give  us  an  idea  of  the  manifold  ways 

in  which  biotonus  can  change  under  the  influence  of  different 

stimuli    But  in  reality   the  relations  are  much  more  complex. 

WTien  we  remember  that  the  numerator  as  well  as  the  denominator 

A 
of  the  fraction    --  represents  a  whole  series  of  single  members, 

And  that  these  members  are  able  to  change  in  a  certain  degree  in- 
dependently of  one  another,  we  obtain  an  approximate  picture  of 
the  extraoniinary  variety  of  effects  which  stimuli  are  able  to  pro- 
duce in  living  substance. 

In  a  previous  chapter  it  was  found  possible  to  arrange  the  re- 
actions to  stimuli  in  the  living  cell  according  to  their  external 
appearances  in  a  few  groups.     It  wiis  found  that  the  changes  under- 
gone by  spontaneous  vital  phenomena  as  the  result  of  stimulation 
are  either  quantitative  or  qualitative.     The  quantitative  changes 
rere  termed  excitation  when  they  consisted  of  an  augmentation  of 
the  vital  phenomena,and  depression  when  characterised  by  a  diminu- 
tion of  the  latter.   In  accordance  with  the  foregoing  considerations, 
we  now  obtain  an  approximate  idea  of  the  great  complexity  of  the 
events   the   external    expression    of    which    was    termed    briefly 
excitation  and  depression.     But  the  acme  of  the  complexity  is  to 
be  seen  ^i  those  reactions  that  are  at  tne  oasis  ot  the  qualitative 
changfts  n(  t.hp  normtil  vital  phuiiouiona.     The  hietamorphic  pro- 
t^esses  of  necrobiosis,  typitieci   by  amyloid  metamorphosis,  show 
clearly  that  here  individual  members  of  series  A  and  series  JD  must 
slowly  and  gradually  change  independently  of  one  another,  other- 
'^rise  accumulations  of  individual  substances  that  normally  do  not 
oocur  in  the  cell  can  not  take   place.      Metamorphic   processes 
constitute  a  stimulation-phenomenon  that  is  conditioned  by  changes 
of  "biotonus  analogous  to  those  conditioning  the  phenomena  that 
occur  spontaneously  in  development.     The  differentiation  of  gland- 
cells,  muscle-cells,  nerve-celLs,  etc.,  from  the  ovum  must  depend  upon 
changes  in  the  individual  membei*s  of  series  A  and  D  that  are 
uidependent  of  one  another ;  but  these  chmiges  occur  spontaneously 
in    tne  course  of  development,  while  in  amyloid  metamorphosis 
'^^d    analogous   phenomena   they   are   produced   by  external   m- 
flueixces. 

-Because  of  our  very  faulty  kiKnvludge  of  the  special  members  of 
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the  two  metabolic  series,  it  is  evident  that  at  present  we  are  quite 
unable  to  review  even  approximately  the  special  changes  that 
biotonus  experiences  in  concrete  cases  under  the  action  of  a 
stimulus.  For  the  present  it  is  only  possible  to  analyse  step  by  step 
the  outward  expression  of  these  changes,  which  have  been  termed 
schematically  phenomena  of  excitation,  depression  and  metamor- 
phosis. Physiology  will  draw  nearer  to  the  solution  of  this  problem 
the  more  the  methods  of  cell-investigation  are  developed. 

2.  The  Interference  of  Reactions 

The  question  of  the  effects  of  the  interference  of  two  differe^^ 
stimuli  is  of  special  interest  with  reference  to  a  group  of  very  ic::wj, 
portant  phenomena  belonging  to  the  special  physiology  of  ver%:i^ 
brates.     Unfortunately  up  to  the  present  time  there  has  been    -^^ 
systematic  treatment  of  this  subject,  and  it  is  only  possible      f^ 
present  a  few  intimations  of  its  connection  with  certain  facts  frcnm 
widely  separate  physiological  fields. 

Since  biotonus  can  be  influenced  very  differently  by  different 
stimuli,  according  as  this  one  or  that  one  of  its  components  is 
excited  or  depressed,  in  a  systematic  investigation  of  the  effects  of 
the  interference  of  two  stimuli  the  manner  of  action  of  each  nnxist 
form  the  starting-point.  In  order  to  understand  any  such  eflPect 
it  must  first  be  decided  whether  or  not  the  two  stimuli  act  in  the 
same  manner,  i.e.,  to  excite  or  depress,  and  to  what  componeat  of 
biotonus  their  action  extends,  assimilation  or  dissimilation.  The 
general  laws  of  interference-effects  can  be  discovered  only  by 
answering  these  questions. 

If  two  stimuli  of  medium  intensity  produce  effects  of  the  same 
kind,  for  example  an  excitation,  and  act  upon  the  same  components 
of  biotonus,  for  example  upon  dissimilation,  the  general  result  \irill 
be  a  summation  of  the  excitations.     The  details  of  this  cannot   \y^ 
predetermined,  because  the  intensity  of  the  stimuli,  the  varyixig 
extent  to  which    the  individual  components  are  influenced,  tYie 
duration  of  the  stimuli,  the  fact  of  the  self-regulation  of  metabolic  jcn, 
etc.,  are  factors  which,  under  the  circumstances,  are  capable      of 
playing  important  roles  in  bringing  about  the  final  result.    H^ire 
belongs,  for  example,  the  whole  variety  of  phenomena  that  we  hjt-^^e 
become  acquainted  with  in  nerve  and  muscle  physiology  as  cs^s^^ 
of   increase  of   irritability.     Through  the  action  of  an  exciti 
stimulus,  such  as  a  chemical  or  thermal  stimulus  upon  a  nerve,  t- 
irritability  of  the  latter  toward  a  second,  such  as  a  galvanic  stimul 
is  increased,  and  the  latter  causes  a  greater  reaction  than  if  it  h 
Ix'cn  employed  alone. 

A  contrast  to  this  is  afforded  by  the  phenomena  that  result  wh 
living  substance  is  acted  upon  by  two  stimuli  that  work  in  oppos; 
si-nsi^'s  upon   like  components    of  biotonus,    one    depressing  a 
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Hie  other  exciting.  The  usual  result  is  a  decrease  of  irritability. 
Tor  sample,  if  a  narcotic  be  allowed  to  act  upon  a  c^lL  or  if  a  call 
be  depressed  by  over-stimulation,  every  exciting  stimulus  will 
produce  a  smaller  reaction  than  if  it  bad  acted  alone ;  under 
certain  circumstances  the  cell  will  be  completely  inexcitable. 

But  much  more  interesting  are  the  phenomena  that  result  when 
twn  stimuli  have  the  same  kind  of  eft'ect,  for  example,  an  excita- 
lion,  but  act  upon  difl'erent,  and  especially  upon  antagonistic, 
components  of  biotonus,  that  ia,  one  pre-eminently  upon  dissimila- 
tion, ihe  other  upon  assimilation.  In  such  a  case  the  one  stimulus 
inhibits,  opposes,  restrains  the  other.'  A  striking  example  of  this 
is  afforded  by  the  polar  action  of  the  galvanic  current  upon  con- 
tractile substances,  for  example.  Amabn.  The  current  acts 
uit^onistically  at  the  two  poles,  exciting  the  amceba-cell  to  con- 
Inclion  at  the  anode,  and  to  expansion  at  the  kathode.  This  fact 
CM  be  confirmed  with  surprising  cleameaa  in  fairly  large  fresh- 
Mler  Amabct.  If  a  constant  current  be  passed  through  an  amceba 
that  has  been  made  to  contract  into  a  ball  by  means  of  strong 
stimuli,  at  the  moment  of  making  the  current  the  contraction  be- 
pm  to  g^ve  way  at  the  kathode,  and  phenomena  of  expansion  be- 
pn  to  appear,  ix.,  a  large  pseudopodiura  projects ;  while  at  the 
apposite  pole  the  phenomena  of  contraction  become  still  more  dis- 
tinct. Asuddenrcvereal  of  the  current  suffices  to  put  an  immediate 
~  ltd  the  processes  at  the  two  ends  of  the  bodyof  the-^jjiaia,  and 
supplant  expansion  by  contraction  and  contraction  by  expansion, 
knabgous  phenomena,  except  with  the  poles  reversed,  are  exhibited 
y  muscle.  We  can  observe  subjectively  in  the  eye  the  interesting 
Bsalts  of  excitation  of  antagonistic  metabolic  processes.  According 
o  Bering's  theory  of  colour  vision,  the  perception  of  colours  is  the 
tsychical  expression  of  metabolic  processes  taking  place  in  the 
visual  substance,  each  pair  of  complementary  colours  corresponding 
to  antagonistic  phases  of  metabolism.  Hence,  if  two  complemen- 
katjr  colours  be  mixed  upon  the  rotating  disc  of  the  colour-top,  the 
effect  of  each  ceases,  and  the  whirling  disc  appears  a  colourless 
grey.  These  facts  show  that  two  mutually  interfering  excitations 
n  antagonistic  links  in  the  metabolic  chain  are  able  to  inhibit  or 
ttrest  their  external  effects.  In  other  words,  there  are  two  wholly 
ififFerent  ways  in  which  the  suppression,  the  inhibition,  of  a  vital 
phenouienon  can  be  accompbshed:  on  the  one  hand,  by  the 
BPresainn    of    those    components    of   biotonus    upon    whii'h    it 


inally,  it  is  conceivable  that  two  stimuli  will  interti.'i-(.'  when 

^y   act  upon  antagiinistic  components  of  biotonus  in  opposite 

■~  is — ic.  one  to  excite,  the  other   to  depress.     The  outward 

t  of  this  would  be  an  augmentation  of  those  vital  phenomena 

'  Cf.  Ver«-om('!Kl,  2). 


that  correspond  to  the  i>xcit«il  components  of  biotonus.  But  it  U 
questioDiibit!  whether  this  case  is  actually  realised  in  natiirrr. 

Among  the  various  cases  of  interference  between  two  stiniuli 
there  is  a  very  great  variety  of  phenomena  which  have  not  yet 
been  analysed  at  all,  but  which  ought  to  receive  new  light  &\Hn 
the  foregoing  reflections.  One  group,  particularly,  which  pvrtatn 
to  the  functions  of  the  central  nervous  system,  and  thus  fiir  hvn 
been  among  the  most  obscure  phenomena  of  nerve-physiology,  nrjli 
be  elucidated ;  these  are  the  so-called  phenomena  of  "  inhibition  " 
[Mmmung]. 

Heretofore  there  have  been  considerable  difficulties  in  the  way 
of  a  physiological  explanation  of  the  simple  feet  of  the  voluntary 
interruption  of  a  movement,  foi  ei  iple,  the  simple  letting-dowg 
of  a  raised  arm.  The  lack  of  cleamt  us  in  the  problems  of  inhibi- 
tion depends  chiefly  upon  insufficienv  sharpness  in  distinguisbiiur 
the  conceptions.  Inhibition  [Memmung]  and  depression  [LaAmun^ 
have  often  been  confused  with  each  other  uijon  the  ground  of 
purely  external  features;  yet,  as  has  been  seen,  an  inhibitory 
reaction  in  the  cell  is  not  necessarily  due  to  depression,  but  may 
be  caused  by  the  excitation  of  processes  that  oppose  existing  onea. 
The  stopping  or  retarding  of  a  muscular  movement  by  a  motor 
ganglion -cell  can  be  the  expression  of  two  very  different  proceseee. 
According  to  the  general  view,  as  is  well  known,  the  contrac^.^yp 
of  a  muscle  is  caused  by  an  excitation  of  dissiiniktinn  in  its  motor 
ganglion-cells.  An  expansion  can,  therefore,  originate  in  the 
ganglion-cell  in  two  ways :  first,  by  a  depression  of  dissimilation. 
and,  second,  by  an  excitation  of  assimilation.  As  regards  the 
muscle,  the  two  have  the  same  result.  Hence  it  is  necessarj* 
to  decide  in  any  one  case  what  processes  are  taking  place 
in  the  participating  ganglion -cells.  Among  the  man  ifolti  pheno- 
mena of  the  inhibition  of  motion  doubtless  both  cases  are  present 
The  frog  whose  hinder  extremities  will  not  perform  reflex  move- 
ments with  the  strongest  stimuli  for  some  time  after  the  upper 
part  of  its  spinal  cord  is  severed,  has  evidently  experiencea  a 
temporary  depression  of  the  ganglion-cells  of  its  cord  through 
live r-fitirji Illation,  just  as  in  surgical  shock  as  a  result  of  a  severe 
upcratiiin  the  nervous  system  is  depressed.  But  the  voluntary 
ri-'laxiitiun  of  a  contracted  muscle  can  hardlj'  be  due  to  ctuch 
depression.  In  this  case  there  must  be  an  inhibition  of  oon- 
traction  caused  by  the  excitation  of  antagonistic,  if,  pupig^^^yi- 


processes 

I'he  tact  that  the  expression  of  an  excitation  can  be  (-topped  by 
the  excitation  of  antagonistic  metabolic  processes  appears  to  play 
a  very  important  rdk  in  the  life  of  ganglion -cells,  and  to  afford  K 
very  important  factor  in  the  explanation  of  many  processes  in  the 
central  nervous  system. 

Especially  the  phenomena  of  sleep  and  hypnosis  in  animals  and 
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men  may  be  explained,  as  t<i  their  essential  factors,  by  the  inhibi- 
tion of  an  existing  ^xcitatii-in  through  antagonist  if  nn.'l.nbnlir  |hli_ 


Fio.  Hi.— J,  *nJo  haj,  (KHyptlan  hoodod  snalcB  or  aip).  Enperimmt  ul  Uia  Kenilliui  (luka- 
ctuRDon.  At  ths  left.  iifin>e,  Mie  lui)  !■  In  Ibi  eiultod  pmltlua  of  (tlack  <>blu]d-pi]iitloD). 
jtt  (be  right,  above,  tbeaulmnl  hu  bean  nudo  motlnulna  by  peaaure  In  tha  neck-t^nu  uxi 
hu  beenUid  upon  Ita  buck.  Beluff,  <i  lulu  u  Hlnilliu  condlttflD,  oitandiHl,  luid  lytua  upin> 
Itii  belly,  I/.  FditI  tmule  iniiUoiildu  by  beJUH  HmilT  liold  ilid  uld  upon  Ita  bnck.  Srptri- 
nnlHiii  guroMlt  at  Futlier  KitThsr. 


It  may  siitfico  to  recall  u  few  well-known  phenomena. 

The  ancient  experiments  of  the  Egyptian  suake-charmei-s,  which 


&li]gfia  ami  Aaron  performed  before  the  Egyptian  Pharaoh  morq 
tlian  I  tire  e  cnousand  years  ago,  belong  in  this  category.     By  tdighk 

t>re83ure  in  the  neck-region  it  is  possible  to  make  a  wildly  excited, 
Lissing,  erect  asp  (hoodt;d  snake)  suddenly  motionless,  so  that  tiia 
dangerous  croatiire  can  be  put  into  any  desired  position  without 
fear  of  its  fatal  bite  (Fig.  245, 1).  The  well-known  expeTimentunt 
mii-ahile  de  imaginatimie  galHnae  of  Father  Kircher  depoads  upoD 
the  same  causes.  If  an  excited  fowl  be  seized  suddenly  with  a  firm 
grip  and  laid  carefully  upon  its  back,  after  a  few  brief  attempts  t« 
escape  it  lies  motionless  (Fig.  245,  If).  Guinea-pigs  (Fig.  151, 
p.  358),  rabbits,  pigeons,  frogs,  lizards,  crabs  and  numerous  other 
animaU  behave  similarly.  The  hypnosis  of  human  beings  depends 
likewise  essentially  upon  inhibition  of  the  activity  of  the  ganglion* 
cells  in  the  cerebral  cortex,  in  common  language  upon  an  inhibition 
ijf  the  will,  and  in  sleep  the  inhibition  of  the  activity  of  all  the  hi' 
brain-centres  is  evident.  These  cases  do  not  depend  unon  (^ei>rpj 
the  stimuli  that  act  as  causes  of  them  are  too  feeble.  We  must 
recognise  in  them,  as  in  numerous  other  phenomena  of  inhihif.inn 


the  other  case,  i.e.,  the  inhibition  of  an  exist mg  excitation  by  the 
excitation  of  antagonistic  components  of  biotonus  in  the  partici' 
pating  gangtion-celLs. 

It  wQl  be  a  promising  task  of  the  future  to  investigate  system-' 
atically  interference-reactions  and  to  ascertain  their  relations  to 
the  interesting  processes  in  the  central  nervous  system. 

3.  Polar  Changes  of  Biotonitsand  the  Mechanism  of  Axial  Oricntatiou 

upon  Unilateral  Stimulatiun 

Thus  far  we  have  considered  merely  the  changes  of  biotoniia 
that  are  caused  by  general  stimulation  of  living  substance.  But 
the  changes  that  result  from  local  stimulation  arc  worthy  of 
attention,  because  in  certain  cases  they  give  rise  to  very  charao- 
teristic  external  effects.  These  are  the  directive  effects  of  stimuli 
upon  motile  organisms,  which  we  have  become  acquainted  with  as 
chemotaxis,  barotaxis,  thennotaxis.  phototaxis  and  galvanotaxiB. 
These  interesting  phenomena  are  called  out,  as  has  been  seen,  by 
the  unilateral,  or  unequal,  action  of  stimuli  upon  the  activity  " 
contractile  elements.  In  other  words,  all  these  cases  of  stimulatT 
depend  upon  changes  in  those  members  of  the  biotonic  series 
and  J),  that  mediate  the  contraction  and  expansion  of  contractile 
elements.  A  movement  in  a  definite  direction  can  take  place  only 
where  differences  as  reganis  contraction  or  expansion  exist  in 
two  different  parts  of  the  cell-body.  Since,  as  regards  the  motor. 
effect,  contraction  (c)  and  expansion  (e)  are  two  antagonistic  phasQft. 
of  the  movement,  we  can  express  the  mutual  relation  of  these  two 
members  of  biotonus  by  a  fraction  in  a  manner  analogous  to  tluiA 
of  the  expression  of  biotonus  itself,  without,  however,  at  the  same 
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time  expressing  to  which  of  the  two  biotonic  series  c  and  «  belong. 
The  conditions  that  exist  in  a  resting  cell  at  the  two  different 
partvS  of  the  body  can  then  be  represented  as  follows : 


c 
in  which  -  expresses  the  relation  of  contraction   to  expansion 

that  prevails  at  the  two  opposite  poles  of  the  organism. 

In  a  cell  in  which  c  and  e  are  equal  and  an  equal  tendency 
toward  contraction  and  expansion  exists  upon  all.  sides,  no  move- 
ment can  take  place  in  any  direction.  But  this  is  at  once  changed, 
when  differences  in  biotonus  appear  at  two  points  upon  the  sur- 
face, when  c  or  e  under  the  influence  of  a  stimulus  acting  imi- 
laterally  becomes  greater  or  smaller  at  one  pole  than  at  the  other. 
Then  a  cause  is  afforded  for  a  unilateral  movement. 

Since  the  remarkable  phenomena  of  chemotaxis,  barotaxis, 
thermotaxis,  phototaxis  and  galvanotaxis  are  even  now  often 
considered  as  mysterious  "attractions"  and  "repulsions"  of 
unicellular  organisms  proceeding  from  the  source  of  the  stimulus, 
the  origin  of  which  thus  £eu:  it  nas  not  been  possible  to  explain 
mechanically,  it  is  of  great  interest  to  see  how  their  mechanism 
follows  with  absolute  necessity  from  the  special  kinds  of  motion  of 
each  form  of  cell  as  the  result  of  polar  differences  in  the  biotonus. 
Such  a  fact  is  of  more  interest  because  many  of  the  phenomena 
mentioned,  especially  the  chemotaxis  of  Bacteria  and  leucocytes,  are 
of  far-reaching  significance  in  the  pathology  of  the  human  body. 

If  the  following  three  fsM^tors  be  considered,  namely,  the  special 
modes  of  motion  of  any  organism  (protoplasmic,  flagellar,  ciliary 
motion,  etc.),  the  change  of  this  motion  under  the  influence  of 
stimuli,  and  the  part  of  the  body  in  which  with  unilateral  stimu- 
lation the  effect  m  each  case  is  localized,  the  mechanism  of  these 
tactic  phenomena,  impressive  because  of  their  exactness,  will  appear 
very  simple  to  any  one  who  is  accustomed  to  the  study  of  motile 
mechanisms. 

Let  us  imagine  a  unicellular  organism,  which  is  longitudinally 
differentiated,  moving  undisturbed  in  a  desired  direction  through 
the  medium  in  which  it  exists,  and  then  suddenly  affected  upon 
one  side  by  a  stimulus.  It  is  a  general  rule  that  all  uniaxially  dif- 
ferentiated organisms  move  in  the  direction  of  their  long  axis. 
Hence,  in  order  to  approach  toward  or  remove  from  the  source  of 
the  stimulus,  it  would  be  necessary  for  the  stimulated  organism 
first  to  assume  a  definite  position  with  reference  to  its  longitudinal 
axis,  so  that  it  would  direct  its  anterior  or  its  posterior  pole  toward 
the  source  of  the  stimulus.  If  this  axial  position  be  once  assumed, 
a  movement  toward  or  away  from  the  source  of  the  stimulus  must 
at  once  take  place  by  the  usual  method  of  locomotion,  while  the 
further  action  of  the  stimulus  prevents  or  corrects  occasional  devia- 
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tions  &om  this  direction,  which  are  produced  by  spontaneous  im- 
pulses. '.  he  essentia]  factor  in  all  directive  reactions  is,  thorefore, 
the  assumption  of  an  axial  position  by  the  cell-body,  and  the  explan- 
ation of  this  is  the  key  to  an  understanding  of  the  mechanics  of 
these  phenomena.  We  will  now  study  the  mechanism  by  which 
the  axial  position  is  assumed  in  various  tj^pes  of  free-living  cells. 

The  simplest  and  clearest  relations  are,  as  always,  in  naked 
protoplasmic  masses,  such  as  Aiaaba  and  leucocjtes,  Liet  tw 
imagine  an  Aiiuxba  in  a  spherical  form  about  to  move,  and  an  ex- 
citation of  contraction  toappear  at  onespot  asaresult  of  a  stimulus 
acting  unilateraUy  (Fig.  246,  a).  The  excitation  would  bu  least  Hi 
the  jjortiou  of  the  surface  of  the  sphere  opposite  the  place  of 
stimulation.      The  nrntoTilasm  there  would  flow  out  unhindered. 


while  upon  the  on 
no  bulging.   Thi 
toward  the  unst 
under    conditio  us 
pseudopodta  in  all 
times  there,  woula  u 


.jtionsai.^  . 
w  assume  an 


itrong  contraction  would  allow 
hereiore,  form  a  pseudoyKidiuiii 
16,6).  Thusan-rdwiosiw,  which 
upon  all  sides  extendi  iU 
eps  sometimes  here  and  8f>n)L- 
I  stially  differentiated  form  (Pig. 
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246, f),  as  is  the  casein  that  variety  called  Anui-ba  Umax.  Under 
these  circumstances  with  continual  stimulation  upon  the  same 
side  the  Aviaba  would  necessarily  creep  gradually  away  from  the 
source  of  the  stimulus,  as  is  the  ease  in  the  negative  chemo- 
taxis  and  thermotaxis  of  Amceba,  Myxomyceles,  leucocytes,  ett 
Vice  versa,  if  the  spherical  Amceha  were  to  be  acted  upon  on  one 
sirle  by  a  stimulus  that  produces  a  local  excitation  of  expansion,  the 
protoplasm  would  flow  out  most  strongly  toward  that  side,  so  that 
with  continual  stimulation  the  Avud^-  must  necessarily  approach 
thi.-  source  of  the  stimulus.  The  positive  chcmotaxis  of  leucocytes, 
Aiiia:iKi,  Myxomyeetcs,  and  other  naked  protoplasmic  masses  is  tfaua 
explained.  If  a  stimulation  of  expansion  acts  upon  one  side  of  an 
Aiiwba,  and  a  stimulation  of  contraction  upon  the  other  side,  the 
results  of  the  two  must  naturally  be  expressed  in  like  senses,  ia, 
the  Ameeba  must  creep  away  from  the  fatter  side  and  toward  the 
former.  The  jjalvfiiiutaxis  lA  Araala  afi'-j^ls  an  unusually  clear 
proof  of  thi.'s  (Oy.  Fig.  ■232,  p.  45S). 

The  mechanism  of  axial  orientation  is  less  complex  in  tb 
microscopic  organisms  that  do  not  consist  of  protoplasmic  ma 


THE  MECHANISM  OF  I.IFK  4«^ 

that  are  consumtlT  cluuurinc  ihtir  fonu.  but.  liko  Ri.-i.r:,^  aiuI 
hfiuoria,  possess  an  asi^IIy  il:!^Vnniia:*\l  Kniy  ot'  ,-4  vvust^uii 
fiinn,  which  moves  thTvugh  iho  wait- r  by  nu\)us  ^^f  >jHviAl  i^ivHiunds 
of  motion,  flagella  ami  cilia.  Tho  Kxiit-^i  ot  Tht^^  or^uusius  arv 
driven  thixiugh  the  water  aftvr  xho  niannor  t^t'  «  rv^w-kvit  bv  the 
ifcythmic  stroke  of  the  dagella  or  cilia.  The  analojvx-  of  tho  inof  ion 
to  that  of  a  boat  moved  by  ixar^  i<  c^nnploto.  ami  may  Iv  ^^H^^^*nislH^ 
even  in  details.  Exactly  tho  siimo  moans  ai\^  us^hI  to  turn  and 
direct  the  movements  of  the  i\>wi«<l  K«t,  and  tho  movoniontii  of 
the  free-swimming  ciliated  cell,  and  wo  i^ui  i\'pi\^Si-nt  tho  ihvuHju* 
bdiavioar  o{  Bacttria  and  Inf\L<K»ria  in  thoir  axial  orientation  uixm 
anilateral  stimulation  no  better  than  by  moans  of  this  simile. 
Among  the  ii-arions  organisms  that  pn>jvl  thoir  oxtondinl  Kxlios 
tfaroa^  the  water  by  means  of  Hagolla  or  oilia.  thnv  tyjvs  can  Iv 
distin^ished  as  most  important,  acconling  as  thoy  move  bv  niotms 
of  a  single  flagellum.  two  tlagolla.  or  sovoral  or 
very  many  cilia,  corresponding  to  a  Ixvu  pro- 
pelled by  one,  two,  or  many  t»ars. 

We  will  examine,  first,  the  forms  that  ]hvssoss       ■••.. 
one  flagellum,  such  as  many  Bacteria  and  flagol-        '  ^• 
late /n/u^orta,  and  will  select  as  roprosontativo 
the  delicate,  green,  flagellate-infiisorian2r'«,7A  ;i<r, 
which,  in  summer,  by  means  of  its  countloss 
numbers,  changes  the  water  of  standing  pools 
into  a  deep   green.      The   flagollum   of    tho 
Flagtllata  is  upon  the  anterior  jjolo  of  tho  body 
and  moves  through  the  water  in  a  scrow-liko 
path.    For  the  sake  of  simplicity  its  motion      kid. -.mt.  si<homriif  tiio 
may  be  considered  as  taking  place  in  a  singli^        rt.'ilil.uunr"f  '^\^^. 
j)lane.    It  is  then  seen  that  it  oscillates  about        lutcinfum.run  wii. 
the  straight  middle  position  (Fig.  24-7,  a)  by 
means  of  alternate  rhythmic  contmctions  toward    the  right   (h) 
and  toward  the  left  {h^\  the^wing  out  of  thi'  middle  position         y 
(o)  into  one  of  the  two  extreme  ]>ositions  (/;  iw  />,)   reproHontN  | 

the  phase   of  contraction,  the   return  from  one  of  the  extreme 
positions  into  the  middle  p<xsition  the  phase  of  exiuinsion.     The 
flagellum  works,  therefore,  like  an  oar  that  is  moved  alternately  to 
the  right  and  to  the  left  at  the  bow  of  a  l)oat.     It  is  (evident 
that,  while  undisturbed  and  having  e<]ual  conditions  u|H>n  all  sidoH, 
the infusorian  body  must  move  forwanl  in  a  straight  line,  if  the 
flagellum  beats  equally  strongly  toward  the  right  and  towani  the 
feft,  %,€.,  if  contraction  and  expansion  occur  with   e<|ual  rapidity 
toward  the  two  sides.     But  if  a  contmctile  stimulus  acts  upon  the 
flagellate  suddenly  from  one  side,  and  if  th«'  long  axis  of  the  hndy 
is  not  already  turned  in  the  direction  of  tin-  stimulus   with   the 
posterior  pole  toward  its  .source,  s.uch  a   position  is  assumed   by 
'^^eans  of  a  few  strokes  of  the  flagellum  :  for  with  i-vcry  ohlirpie  or 
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transverse  aosition  of  the  long  axis  the  flagellum  ia  stimulated  to 
contract  luore  strongly  upon  the  aide  uiwn  which  the  Ktimalus 
falls  than  upon  the  opposite  side,  it  makes  stronger  strokes  toward 
the  former  than  toward  the  latter  side,  and  the  result  is  that  the 
anterior  part  of  the  body  ia  turned  away  from  the  source  of  the 
stimulus  (Fig.  248).  Exactly  the  same  relations  exist  here  as 
in  a  boat  moved  by  a  single  oar.  The  bow  of  tbe  boat  also 
turns  toward  the  opposite  side  when  the  boat  is  propelled  more 
strongly  upon  one  aide  than  the  other.  The  unequal  strength  of 
the  flagellar  stroke  in  the  two  directions  continues,  and  the  anterior 
.part  of  the  body  is  turned  constantly  more  away  from  the  source 
.of  the  stimulus,  until  the  body  has  placed  its  long  axis  in  the 
direction  of  the  incident  stimulus  (Fig.  248,  rf).  Then  both  sides 
■of  the  flagellui"  uiated  and  the  protist  swims 

in   a   straight  stimulus   continues.     Thus, 

negative    che'u  itc.,  appear   in    uniflagelU' 


lincterm  and  Flagdlata  as  a  necessary  result  of  a  unilateral  excita- 
tion of  contraction  in  the  Hagetium. 

It  la  now  very  easy  to  imagine  the  relations  as  regards  axial 
direction  in  forms  possessing  two  flagella,  such  as  the  flagellate 
iiifiisonan  Polytoma  (Fig.  249).  If  two  flagella  are  present  upon 
thf  iiuterior  end  of  the  cell,  the  latter  corresponds  to  a  boat  that 
is  moved  by  two  oars  at  the  bow.  If  the  strokes  of  the  two 
oars  are  equal,  the  boat  moves  in  a  straight  line.  It  is  the 
same  with  the  flagellated  cell.  If  one  oar  moves  more  stroiirfy, 
the  bow  of  the  boat  is  turned  toward  the  opposite  side.  The 
same  will  occur  with  tbe  cell  possessing  two  flagella,  when  a  con- 
tractile stimulus  acts  upon  one  side,  causing  one  flagellum  to  beat 
more  strongly  than  the  other  (Fig.  249,  a,  b,  c).  The  anterior  end 
of  the  cell  must  then  be  turn<3  away  from  the  source  of  the 
stimulus,  until  the  long  axis  is  turned  in  the  direction  of  the 
latter,  with  the  posterior  end  nearer  it.  In  this  direction  the 
flagella  are  equally  stimulated  (Fig.  249,  d),  and  as  a  result 
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jiagenate  swims  straight  away  from  the  source  of  the  stimulus. 
In  this  way  negative  chemotaxis,  etc.,  occur  in  the  forms  possessing 
two  flagella,  by  reason  of  unilateral  excitation  of  contraction. 

The  game  thing  that  occurs  in  Polytoma  and  other  forms  as  the 
lesalt  of  the  activity  of  two  flagella,  occura  in  ciliate  Inftisoria 
Ij  means  of  the  beat  of  numerous  cilia.  The  movements  of  Para- 
lunttim  are  analogous  to  the  movements  of  a  long  boat  possessing 
miDy  oars.  If  all  the  oars  upon  the  two  sides  move  with  exactly 
equal  force,  the  boat  moves  straight  forward ;  if  the  stroke  of  the- 
om  is  stronger  upon  one  side  than  upon  the  other,  the  boat  turns 
tovaid  the  opposite  side.  The  same  is  true  of  the  ciliary  move- 
moit  in  ParaTiujecium.  If  the  cilia  beat  with  equal  strength  upon 
ike  two  sides,  the  infusbrian  swims  forward  in  a  straight  line ;  if, 
however,  a  contractile  stimulus  acts  upon  one  side,  so  that  the 
dlia  upon  that  side  are  made  to  beat  more  strongly  than  upon  the 
other  (Fig.  250,  a),  the  anterior  end  of  the  body  must  turn  away 


fta.  f<9.-<4dieine  of  axial  orientation  of  a  biflagolUxtcd  iufusoriau  cell,  reHultiug  from  an  excitation 
of  oontnction  upon  the  right  side.  The  tn'catcr  concuvity  uf  cue  flagellum  iudicatos  the 
itroi^per  excitation.    The  arrows  indicate  the  direction  uf  movement. 

from  the  source  of  the  stimulus  until  its  long  axis  is  placed  in  the 
direction  of  the  latter.  The  cilia  then  become  stimulated  equally 
npon  corresponding  points  of  the  two  sides  of  the  body,  and  the 
cell  swims  forward  in  a  straight  direction  away  from  the  source  of 
the  stimulus.  In  this  way  negative  chemotaxis,  barotaxis,  thermo-i 
twos,  and  phototaxis  occur  m  ciliate  Infusoria  from  unilateral 
excitation  of  contraction. 

The  mechanism  of  axial  orientation  in  the  positively  tactic 
iBovements  of  ciliated  cells  is  likewise  simple.  Orientation  in 
these  cases  can  be  called  forth  by  a  unilatei-al  excitation  of 
expansion.  If  such  a  stimulus  acts  upon  one  side,  the  expansion 
rf  the  ciliary  stroke,  i.e.,  the  return  of  the  flagellum  or  the  cilium 
to  the  restmg-position,  will  then  take  place  more  energetically 
npon  this  side  of  the  body  than  upon  the  opposite  side.  The 
wralt  will  be  the  reverse  of  that  when  the  contniction  is  more 
eneigetic,  «.«.,  the  anterior  end  of  the  body  will  be  turned 
toward  the  side  of  the  incident  stimuhis,  until  the  long  axis  is 
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placed  in  the  direction  of  the  stimulus.  It  dt^jwnds  then  upon 
the  relative  extent  of  the  phasiBs  of  contraction  and  expansioo  irf 
the  ciiia,  whether  the  motor  effect  will  be  so  directed  that  the  cell 
in  taking  the  axial  position  will  move  toward  the  source  of  ^ 
stimulus  or  away  from  it  The  axial  position  must  alwavs  be 
taken,  however,  whether  the  cell  moves  by  means  of  one  ciliau. 
by  two,  or  by  many  (Fig.  251). 

If,  finally,  an  excitation  of  contraction  occurs  upon  one  side  of^ 
the  infusorian  cell  and  an  excitation  of  expansion  upon   the  o\ 
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side,  it  is  evident  that  as  regards  the  axial  position  of  thf-  body, 
the  two  must  act  in  the  same  Bonse,  i.e.,  so  that  the  ajjterior  end 
is  directed  towarrl  the  side  of  the  expansory  stimulus.  Whether 
in  this  position  a  movement  in  one  or  the  other  direction  or  a 
standstill    takes    place,   depends   wholly   u\nm    the    (extent    and 


ta  IbfUBOriui,  nnultiiig  fma  ttn 


uvlly  or  Ibo  plllt 


direction  of  the  motor  effect  exertetl  by  the  ciliary  stroke  at  the 
two  ends  of  the  body.  That  all  the.sc  three  possibilities  are 
realised,  is  shown  most  beautifully  by  galvanotaxis,  in  which, 
according  to  the  intensity  of  the  galvanic  current,  swimming 
forward  or  backward,  or  standstill, can  be  obtained. 

From   the*    ii>ifgiii[iy   <T.iiifitdenitionfi   the   ini/i')i;iiii'iii]    nf  axial 
orientation  resulting  from  a  depression  of  contraction  or  expauo. 
upon  one  side  of  the  body  may  be  at  once  understood.     In  sv 
ii  case  there  exists  a  difference  in  the  activity  of  the  organoids 
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movement  on  the  two  sides  of  the  body,  and,  according  to  known 

S'lciples,  this  must  cause  a  rotation  upon  the  axis  until   the 
erence  is  balanced. 

If  we  add  to  our  first  scheme  the  various  axial  positions  that  a 
eell-body,  differentiated  as  regards  its  poles  either  temporarily  or 
pennanently,  may  assume  by  reason  of  an  excitation  or  depression  of 
eoDtiaction  or  expansion  at  one  pole,  we  obtain  the  following  cases, 
in  which  the  pomts  of  the  arrows  indicate  the  position  of  the 
interior  end  of  the  body : 
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Expressed  in  words,  this  means :  the  anterior  pole  of  the  bcjdy 
tarns  away  from  the  source  of  the  stimulus  with  excitation  of 
coQtraction  or  depression  of  expansion  upon  one  side ;  and  toward 
the  source  of  the  stimulus  with  depression  of  contraction  or 
excitation  of  expansion  upon  one  side. 

Whether  the  cell  in  axial  orientation  moves  forward  or  back- 
wiid,  or  stands  still,  depends  in  a  given  case  upon  the  relation,  as 
regards  intensity,  of  the  phase  of  contraction  to  that  of  expansion 
in  the  whole  cell 

Thus  the  phenomena  of  positive  and  negative  chemotaxis, 
lirotaxis,  thermotaxis,  phototaxis  and  galvanotaxis  which  are  so 
highly  interesting  and  important  in  all  organic  life,  follow  with 
mechanical  necessity  as  the  simple  results  of  differences  in  biotonus, 
which  are  produced  by  the  action  of  stimuli  at  two  different  poles 
of  the  free-living  cell. 

We  recognised  with  Pfltiger  as  the  essential  part  of  metabolism 
the  continual  construction  and  destruction  of  certain  proteid- 
like  compounds  of  very  labile  constitution.  Although  at  present 
any  chemical  characterisation  of  these  is  unsatisfactory,  we  termed 
them,  in  brief,  biogens  because  of  their  great  significance  for  life, 
and  we  defined  the  vital  process  in  the  simple  schematic  form : 
the  sum  of  all  the  processes  that  are  associated  with  the  construction 
tod  destruction  of  biogens. 

The  non-living  matter  that  enters  into  the  living  substance  from 
outside  is  manu&ctured  continually  into  living  matter  by  complex 
tansformations  in  the  living  substance  ;  it  also  dies  continually  and 
18  excreted  as  non-living  matter.  Thus,  life  consists  of  an  eternal 
process  of  becoming  alive  and  dying,  which  go  on  in  all  living  sub- 
stance at  every  moment  side  by  side  and  uninterruptedly. 

I^esnm  of  all  processes  associated  with  the  constr^ipticm  nf  living 
wtstance  forms  tne  phase  of  Aasimilatiou.  the  sum  of  all  ])rocesses 
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— — ~-^         h  the destniction  of  living  subeianoe  forms  tbf  pha^iJ 
(Ussitmla         |JjVssIaiiUll4^R  aurl  (ll&UiiulatioD  are  tlie  basisof  nil  Ufip. 


10 ir  rel —  i  Ia  one  another,  which  was  t«nn*d  biotoiius,  niotnik 
vital ph«noD  nn.  From  the bcginningof tlcTolopmenttodeath  bioto- 
Duii  is  consi  itlj  changing  by  reason  of  indtvi^nal  members  «>f  tiw- 
series  of  as.  nilation  oriUssiinilation  assaming  different  valut:ai>  and 
thns  the  del  ils  of  tbe  vital  phenomena  likewise  change.  iHaUtoaa 
likewise  cha  igE»  if  stimuli  act  upon  the  liWng  substance,  and. 
accordingly,  ital  phenomena  change  under  the  iimuence  of  sttiuitti. 
Thiis,  Wtal  pl.enomeiia  are  determined  by  the  individual  links  in  the 
long  chain  of  metabolism,  which  togi'thcr  form  the  vital -process. 

II.    "■      "  [»F  Cell-Life 

After  having  re  i  as  the  eieiugn^j;)-  vital  iiro- 

ceas.  our  present  lanically  from  metabolism  the 

vital  phenomeni^  i^.  u  -ded  as  the  expression  of  the 

vital  process. 

It  has  been  a  ing        stance  that  now  inhabits  the 

earth's  sur&ce  puo  ■  u        rm         ;11b:  hence  the  cell  is  thi.-fMo- 

perseatof  thevitfl  «.    ±nthc<.    1  the  general  vital  phenotiivna 

are  found  in  their  ry  form.     If,  therefore,  their  mechanicaJ 

analysis  is  not  to  si  vay,  the  c  ;U  must  be  made  the  object 

of  investigation,     i  e  can  e      !Ct  to  derive  the  various  vital 

phenomena   of    th'  :hani<»    y   from  it«  metabolism,  the 

question  must  bet  en  iwthe  metabolism  of  Uvingsul^taiicet 
which  thus  far  we  nave  Bcnematically  conceived  to  take  place  in  a 
uniform  substratum,  goes  on  in  the  cell  which  possesses  the  char- 
acteristic differentiations  of  its  contents.  Although  with  our  very 
.•flight  knowledge  of  the  individual  chemical  proccsseH  in  the  cell, 
wc  are  quite  unable  to  picture  in  detail  its  more  delicate  metabolic 
mechanism,  the  investigations  of  the  last  decade  have  afforded 
Hiifficient  material  to  give  an  idea  of  its  general  metabolic  relations. 
These  investigation H  have  revealed  a  large  number  of  facts,  which 
allow  a  definite  conclusion  to  be  drawn  regarding  the  much-dia- 
eussed  significance  of  the  two  essential  cell-constituents,  the  nucleos 
and  the  protoplasm,  as  well  as  regarding  the  nature  of  their  relation 
to  one  another. 


1.     Th€  Theory  of  tbe  Dominant  of  the  Nvclevsln  flu-  Cell 

The  classical  researchesof  the  earlier  investi^tors  of  protopiasin, 
among  whom  may  be  named  Dujardin  and  Max  Schultze,  we- 
directed  toward  establishing  the  protoplasm  ns  the  bearer  of  i 
vital  activities.     In  the  older  doctrine  of  the  cell  all  pcrceptibi— 
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vital  phenomena  were  regarded  as  taking  place  in  the  protoplasm, 
and  no  one  knew  what  to  do  with  the  nuclcMis ;  heneo  the  latter  was 
considered  unessential  and  received  little  attention. 

It  is  psychologically  interesting  and  a  characteristic  phenomenon 
in  the  history  of  human  thought  that  the  knowledge  of  the  truth 
swings  to  either  side  of  the  middle  point  before  it  comes  to  a  stand- 
still at  the  latter.  An  extreme  view,  which  in  the  course  of  time 
proves  to  be  untenable,  causes  a  swing  to  the  opposite  extreme,  and 
the  true  medium  is  found  only  giadually  by  means  of  a  healthy 
reaction.     Thus  it  was  with  the  cell-doctrine. 

After  it  was  found  that  the  nucleus  undergoes  profound  changes, 
especially  in  the  reproduction  of  the  cell  by  division  and  in  the 
fertilisation  of  the  ovum,  while  the  protoplasm  remains  apparently 
quiet,  the  original  idea  of  the  dominant  role  of  the  protoplasm 
dumged  to  the  opposite  one  of  control  by  the  nucleus.  The  latter 
regarded  the  nucleus  as  the  essential  bearer  of  the  cell-life,  and  the 
protoplasm  as  performing  merely  an  accessory  function.  What  in  the 
eariier  cell -doctrine  was  ascribed  exclusively  to  the  protoplasm,  in  the 
later  one  was  ascribed  exclusively  to  the  nucleus.  During  the  last 
few  yeara  a  healthy  reaction  against  this  swing  to  the  other  extreme 
isb^pining  to  make  itself  felt. 

It  is  not  possible  to  examine  all  the  individual  facts,  relative  to 
tke  fdnctioD  of  the  nucleus  and  the  protoplasm,  that  have  recently 
been  brought  together.  It  will  suffice  to  indicate  some  of  the  more 
important  observations  and  experiments  that  have  led  to  important 
deauctions. 

The  idea  that  the  nucleus  plays  a  dominant  role  in  the  cell  has 
obtained  at  the  present  time  wide  acceptance  and  has  been 
expiessed  in  various  forms.  One  prominent  view  is  defended  by 
eminent  investigators,  such  as  Weismann.  Hertwig,  Boveri  and 
ethers,  and  takes  special  accoimt  of  the  remarkably  complex  and 
iq[alar  changes  that  the  new^er  moqjhology  has  demonstrated  in 
the  nucleus  in  connection  with  the  phenomena  of  fertilisation  and 
dimon  of  the  ovum.  The  essence  of  this  view  is  that  the  nucleus 
is  the  bearer  of  certain  substances  called  hreditm^y  sulstayues,  that 
hereditaiT  transmission  takes  place  by  moans  of  a  transference  of 
these  substances  to  the  descendants,  and  that  the  protoplasm 
contains  no  substances  necessary  to  heredity. 

The  fiact  that  in  the  fertilisation  of  the  ovum  by  the  spermato- 
loon  only  a  very  small  quantity  of  ])rotoplasm  is  transferred  by 
the  latter  to  the  descendants,  since  the  spermatozoon  consists  in  by 
fitt  the  greater  part  of  nuclear  substance,  induced  biologists  to 
neglect  completely  this  small  quantity  of  ])rotoplasm,  and  to  ascribe 
the  transference  of  the  paternal  characteristics  to  the  descendants 
exclusively  to  the  nucleus  of  the  spermatozoon.  This  assumption 
appeared  the  more  probable  because  the  small  mass  of  ])rotopUism 
in  the  spermatozoon,  which  is  contained  chiefly  in  the  flagellura, 
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cannot  be  distingiibhed  fi-om  the  protoplasni  of  the  ovum  after  it 
haa  appeared  in  the  latter,  while  the  characteristic  and  profound 
changes  caused  by  fertilisation  appear  in  the  nucleus  alone.  To 
the  more  critical  minds,  the  weakness  of  the  arguments,  upon  which 
rested  the  theory  of  the  dominance  of  the  nucleus  in  heredity,  was 
painfully  evident,  and  they  sought  after  xinequivocal  proofe  of  the 
theory. 

The  fundamental  fact,  which  Nussbaum  ('84,  '86)  established  In 
Infusoria,  that  non-nucleated  pieces  of  a  cell  after  some  time 
invariably  die,  while  nucleated  pieces  are  regenerated  into  com- 
plete cells  and  continue  to  reproduce  by  cell -division,  was 
experimentally  confirmed  in  other  Infvaoria.  by  Gruber  {'85),  and 
brought  forward  as  a  direct  proof  of  the  dominance  of  the  nucleus, 
Gruber  ('86,  1)  says :  "  By  a  purely  empirical  method  we  are  here 
placed  before  the  undeniable  fact  that  the  nucleus  is  the  most 
important,  the  species -maintaining,  constituent  of  the  cell,  and  thftt 
to  it  is  rightly  ascribed  the  highest  significance  in  the  processes  of 
fertilisation  and  hereditary  transmission."  But  Gruber  forgets 
that,  in  order  that  the  nucleus  may  be  established  as  the  sole 
species-maintaining  constituent  of  the  cell,  the  reverse  experiment 
must  also  be  made,  namely,  the  investigation  of  the  nucleus  with- 
out the  protoplasm.  If  the  nucleus  then  continues  to  live,  if  it 
regenerates  a  new  protoplasuiic  body  and  forms  a  complete 
individual,  the  exjiermient  would  be,  in  fact,  undeniable  proof 
of  the  all-important  significance  of  the  nucleus.  But  if  it  perishes 
without  regeneration,  like  the  protoplasm  deprived  of  its  nucleoe, 
no  reason  then  exists  for  ascribing  more  to  the  nucleus  than  to  the 
protoplasm ;  with  equal  right  the  protoplasm  could  then  be  spoken 
of  as  the  species-maintaining  constituent  of  the  cell.  Such  an 
experiment  has  been  performed  and  shows  that  the  nucleos 
deprived  of  its  protoplasm  perishes  like  non-nucleated  proto- 
plasm. In  the  large  radiolnrian  Thalassieolla  (Fig.  171,p.  380)  the 
nucleus,  which  is  visible  to  the  naked  eye,  can  by  a  skilfiil  operation 
with  delicate  instruments  be  removed  uninjured  from  the 
protoplasm  of  the  central  capsule,  and  be  observed  isolated. 
The  result  is  that,  even  when  it  is  protected  from  all  injury,  after 
some  time  it  invariably  dies  without  a  trace  of  regenerative  phdDO> 
mena  being  seen.^  The  «ame  may  be  observed  in  Ivfawria, 
Such  a  result  breaks  the  force  of  Gruber's  argument, 

Another  experiment,  which  is  claimed  to  support  the  theory  (rf 
the  dominance  of  the  nucleus,  was  performed  by  Boveri  ('89)  up<m 
the  eggs  of  the  sea-urchin.  In  connection  with  the  fact  ohseired 
,  by  the  brothers  Hertwig  ("87),  that  non-nucleated  pieces  of 
■  protoplasm  of  the  ova  of  sea-urchins  are  capable  of  being  fertiliaed 
I  by  spermatozoa,  Boveri  found  that  these  fertilised  pieces  devdi^ 
f  into  dwarf  larval  forms,  which,  apart  from  their  small  size,  aift  i 
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wholly  like  normal  larvse.  Boveri  employed  this  fact  in  experi- 
ments upon  the  cross-fertilisation  of  non-nucleated  pieces  of  ova  of 
one  species  of  sea-urchin  with  spermatozoa  of  another  species, 
especially  non-nucleated  pieces  of  ova  of  Sphccrechinvs  granularis 
with  spermatozoa  of  Echinus  microtubercukUTis.  He  shook  a 
number  of  eggs  of  Sphmrechinus  in  a  test-tube,  by  which  treatment 
non-nucleated  pieces  of  protoplasm  were  broken  oflf,  and  fertilised 
the  shaken  liquid  with  sperm  of  Echinus,  It  was  not  possible  to 
fertilise  isolated  non-nucleated  pieces,  since  cross-fertilisation 
between  the  two  forms  takes  place  relatively  very  seldom.  Among 
the  larvae  obtained  by  fertilisation  were  the  following : 

a.  Bastards,  such  as  were  always  obtained  by  the  crossing  of  the 
two  species. 

h.  Dwarf  bastards,  obtained  by  the  fertilisation  of  nucleat^ 
pieces. 

c.  Dwarfs  possessing  genuine  Echimts  characters,  obtained  by  the 
fertilisation  of  non-nucleated  pieces. 

According  to  Boveri,  the  occurrence  of  the  last-mentioned 
larval  forms  is  a  direct  proof  of  the  theory  of  nuclear  dominance  ; 
for,  since  from  one  species  of  sea-urchin  only  non-nucleated  pro- 
toplasm from  the  ovum  was  transmitted,  while  from  the  other  the 
nucleus  of  the  spermatozoon,  the  result,  namely,  larvae  of  the 
paternal  form,  proves  that  the  nucleus  alone  can  be  the  bearer 
of  the  hereditary  substances.  Critical  examination,  however, 
shows  that  this  experiment,  which  thus  far  has  been  considered 
by  many  as  the  strongest  support  of  the  theory  of  dominance, 
appears  as  such  inadequate  in  more  than  one  respect.  In  the 
first  place,  the  derivation  of  dwarf  larvae  of  the  type  of  the  paternal 
species  can  be  doubted.  Since  the  fertilisation  of  non-nucleated 
pieces  of  ova  of  one  species  with  spermatozoa  of  the  other  species 
was  not  carried  on  isolated,  it  is  very  questionable  whether  the 
larvae  in  question  were  really  derived  from  such  a  fertilisation. 
It  is  conceivable  that  larvae  pre-eminently  of  the  paternal  form  can 
develop  ftx)m  the  fertilisation  of  nucleated  pieces  of  ova  or  whole 
ova  of  one  form  with  spermatozoa  of  the  other ;  we  see  that  very 
frequently  the  characteristics  of  either  the  father  or  the  mother 
are  transmitted  pre-eminently  to  the  offspring.  But  the  various 
larval  forms  that  Boveri  obtained  possess  in  the  developmental 
stage  in  question  so  few  distinguishing  marks,  that  from  their 
presence  conclusions  ought  not  to  be  drawn  with  certainty  regard- 
ing the  one-sided  derivation.  Yet,  even  if  the  explanation  that 
Boveri  gives  of  the  derivation  of  the  larvae  is  to  be  accepted,  the 
experiment  is  far  from  conclusive.  It  will  be  conclusive  only 
when  the  nucleus  alone,  not  the  whole  spermatozoon,  unites  with 
the  non-nucleated  protoplasm  of  the  ovum.  If  in  this  case  larvae 
of  the  character  of  the  fether  appear,  we  shall  be  obliged  to  ac- 
knowledge  that  the  nucleus   alone    is  the  bearer  of  hereditary 
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eharactcre.  Since,  however,  the  spermatozoon  is  a  complete  ceil 
poKseseing  nucleus  and  protoplasm,  nothing  in  Boveri's  experimvat 
has  proved  that  the  protoplasm  also  does  not  take  p«rt  in 
heredilary  transmission.  The  fact  that  pre-eminently  or  ex- 
ciufiively  paternal  chanict'Crs  are  observed  in  the  larvae  ought 
hardly  to  cause  surprise,  since  upon  the  paternal  side  a  wbole  ceJl 
enters  into  the  fertilisation,  but  upon  the  maternal  side  only  a  bit 
of  protoplasm,  which,  as  is  wt^ll  known,  is  destined  to  die  becniiM^ 
of  the  loss  of  its  nucleus,  and  is  no  longer  able  to  preserve  it^ 
charactenstic  features,  and  consequently  not  able  to  transmit 
them.  Hence,  in  the  light  of  the  fundamental  fact  of  the  infiUU- 
ble  death  of  non-nncleated  protoplasmic  masses,  Boveri's  view,  that 
in  his  experimeti-  istics  would  necessarily  have 

bfen   transmitted  :ilasm  were  to  taktt  part    tn 

heredity  like    the  imsupported.     After  all    the 

above  we  cannot  Boveri's   experiment    wholly 

indifferent   as  n  iCthe  question  whether  the 

features  of  the  t  is  character  are  contained  in 

the  nucleus  alone. 

Another  form  p*  ory  is  espressfd  in  the  view 

of  Eimer  ('88),  Hi  ers,  that  the  nucleus  controls 

the  vital  phenomeu  "(ii,  ■        ;ial[y  the  movements  of  the 

protoplasm,  after  th'  of  &  ^.  itral  nervous  organ.     Eimer 

supports   his   view  s   morphological    observations,   not 

wholly  undisputed,  adiag  of  nerve-Sbres  in  the  nuclei 

and  even  in  the  nu  leiis.     But,  even  if  these  should  really 

be  confirmed,  there  would  be  no  ground  in  them  for  ascribing  to 
thu  nucleus  alone  the  regulation  of  the  movements  of  the 
protoplasm.  Hofer  believes  that  from  experiments  on  Amosba 
he  can  draw  the  conclusion  that  "  the  nucleus  is  a  regulating- 
centre  for  movement."  He  cut  the  bodies  of  large  Anieeba 
into  nucleated  and  non -nucleated  parts.  While  the  nu- 
cleated parts  continued  to  behave  exactly  Uke  complete  Ametbtr. 
the  non-nucleated  pieces  showed  normal  behaviour  for  la — 20 
minutes  only.  Then  the  movements  became  irregular,  the  forma- 
tion of  pseudopodia  taking  place  abnormally,  and  finally  wholly 
ceiiscd.  From  this  Hofer  concludes  that  the  protoplasm  possesses 
the  power  of  movement,  but  that  the  nucleus  is  a  centre  which 
regulates  the  movements.  That  this  view  cannot  be  held  follows 
from  the  striking  experiments  of  Balbiani  ('88),  who  observed  that 
under  favourable  conditions  non-nucleated  pieces  of  Infusoria  con- 
tinue to  live  for  many  days  with  completely  unchanged  movements. 
Finally,  exhaustive  experiments  upon  various  Hhi-.np-Tlif  and  In- 
fusoria^ especially  upon  c\V\&i(r  Infitsi/rin  ttial  ii-rlinin  \ .)  y  .■l>llll•l.l^- 
and  characteristic  movements,  have  been  directed  particularly 
toward  this  question,  whether  the  nucleus  ought  to  be  regarded  as 
>  Cf.  Verworn  ('89,  1). 
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-the  centre  of  motion  in  the  same  sense  as  the  conire^  of  the  oon- 
tral  nervous  system  in  higher  animals  are  roganleil.  Wo  can 
present  the  result  of  these  best  by  moans  of  a  vivisoction-exivri- 
ment  upon  Jku^rymaria, 

Lacrymaria  ohr  belongs  to  the  holotrichous  Oil  lata  and  is  dis- 
tinguished by  its  very  characteristic  movomonts :  from  those  it 
proves  to  be  an  exceptionally  favourable  object  for  oxjH^riment  upon 
the  influence  of  the  nucleus  upon  movement.     In  tho  condition  of 
moderate  contraction  it  is  flask-shapod  and  presents  a  trunk,  nock, 
and  head  (Fig.  252,  a  and  b\     When  undisturbed,  it  is  in  restless 
oQotion,  every  portion  of  the  cell-body  taking  j)art  in  its  peculiar 
activity.    The  trunk  undergoes  constant  changes  of  fonn  of  a  peri- 
staltic character.     At  times  the  nock  extends  into  an  extremely 
long  and  slender  thread,  the  anterior  end  of  which   lengthens, 
shOTtens,  bends  about  and  gropes  hero  and  there  between  the  par- 
ticles of  mud  (Fig.  252,  a),  and  at  times  it  suddenly  draws  together 
like  a  stretched  rubber  cord,  soon  to  begin  its  play  anew.     The 
head,  provided  with  long  oral  cilia,  grippes  about  in  all  directions 
upon  objects  in  the  water,  the  cilia  seeming  to  run  over  them  like 
little  feet.     In  this  way  the  whole  protist  twitches  constantly  for- 
waid  and  backward  by  the  alternate  direction  of  the  strokes  of  the 
cilia,  so  that  it  moves  very  little  from  one  place  and  is  engaged 
chiefly  in  searching  about  with  its  long  neck  and  head  with  rest- 
less esj^emess.     If  it  be  stimulated,  it  suddenly  contracts  and 
swims  m  the  condition  of  moderate  contraction  some  distance  back- 
waid,  then  takes  a  forward  direction  and  whirls  forwanl  through 
the  vater  at  a  furious  rate,  constantly  turning  about  its  axis. 

The  macro-nucleus  with  the  closely  applied  micro-nucleus  lies 
in  the  middle  section  of  the  trunk. 

It  is  possible  with  some  patience  to  sojxirate,  under  tho  micro- 
scope, by  sharp  cuts  the  individual  jKirts  of  the  body,  in  which  tho 
head,  the  neck,  and  the  posterior  end-piece  of  the  trunk  are  always 
non-nucleated,  while  the  trunk  itself  contains  the  two  kinds  of 
McleL    The  result  of  the  cross-section  is  that  in  every  piece  tho 
ciliaiy  motion  is   very  much  accelerated.     All  the  pieces  whirl 
about  their  axis  and  through  the  water  with  furious  rapidity  in 
the  contracted  condition.     The  enormous  augmentation  of  ciliary 
activity  gradually  passes  away,  and   then   every  piece   behaves 
exactly  as  it  behavea  when  in  connection  with  the  whole  organism. 
The  nucleated  trunk  continues  its  metabolic  movements,  twitching 
now  forward,  now  backwartl,  by  changing  the  direction  t>f  tho 
ciliary  stroke;  the  neck  at  times  stretches  far  out  (F'ig.  252,  <0  and 
gropes  restlessly  about,  although    it   p(>ssi.'ssos  neither  hoad   nor 
trunk,  and  at  times  contracts  like  a  rublK-r  cord   (Fig.  252,  r): 
the    head,    being    now    free     from     the     trunk,    runs    about 
over  the  particles  of  mud    in   tho  water    like   an    independent 
^dividual  by  means  of  exactly  the  same  ciliary  motions  as  in  the 
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uninjured  organism  (Fig.  252,  e).  In  short,  as  regards  ib 
ments,  everj'  piece  behaves  exactly  as  when  in  connections 
body  of  the  normal  Lafrymaria.  Upon  stimulation,  cont 
of  the  myoids  and  acceleration  of  the  ciliary  stroke  take  p 
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all  pieces,  the  cilia  causing  the  rotation  upon  the  axis,  exi 
happens  upon  stimulation  in  the  uninjured  protist.  In  th 
nucfeated pieces, this  normal  motion  continues, asa  rule, for 
a  day.     Then  the  difference  between  the  non-nucleated  a 


THE  MECHANISM  OF  LIFE  611 

nucleated  pieces,  appears,  the  former  perishing,  while  the  latter  re- 
generate themselves  into  complete  individuals. 

The  behaviour  of  non-nucleated  pieces  of  cells  may,  therefore,  be 
summarised  in  the  statement,  that,  after  the  passage  of  a  stage  of 
excitation  caused  by  the  stimulation  of  the  operation,  every  piece 
continues  to  carry  out  the  movements  peculiar  to  it  in  the  uninjured 
organism  and  to  react  to  stimuli  in  the  same  manner  as  before  the 
operation.  The  normal  character  of  the  movements  is  not  changed 
until  the  appearance  of  the  phenomena  of  necrobiosis,  which  affect 
the  non-nucleated  protoplasm  and  lead  to  death. 

It  appears  in  all  such  experiments  that,  after  the  passage  of  a 
stage  of  excitation  caused  by  the  operation,  the  movements  of  non- 
nucleated  pieces  of  protoplasm  continue  for  a  long  time,  frequently 
for  several  days,  completely  unchanged ;  they  undergo  disturbances 
only  in  the  course  of  the  necrobiosis  of  the  piece  and  finally  cease. 
The  fisMsts  discovered  by  Hofer  agree  completely  with  this.  If,  how- 
ever, the  normal  movement  of  the  protoplasm  continues  for  days 
after  the  removal  of  the  nucleus,  the  nucleus  cannot  be  a  regulat- 
ing centre  for  the  movement,  and  thus  the  theory  falls. 

2.  Nucleus  and  Protoplasm  as  Links  in  the  Metabolic  Chain  of 

the  Cell 

It  appears  from  the  above  discussion  that  the  later  views 
upon  the  dominance  of  the  nucleus  in  the  cell,  in  whatever  form 
they  are  presented,  are  as  little  justified  as  the  earlier  ideas,  which 
recognised  the  protoplasm  alone  as  the  essential  bearer  of  life. 
Everything  sug^ts  that  the  truth  lies  between  the  two,  i.e,,  that 
neither  the  nucleus  nor  the  protoplasm  alone  plays  the  chief  rdle 
in  the  life  of  the  cell,  but  that  the  two  are  concerned  equally  in 
the  inauguration  of  vital  phenomena. 

All  the  experiments  and  observations  so  far  upon  the  relations 
of  the  nucleus  and  the  protoplasm  show  that  this  view  is  the 
correct  one.  It  would  lead  too  far  to  present  all  the  facts  bearing 
upon  this  question ;  only  the  more  important  ones  will  here  be 
noticed. 

The  first  and  most  significant  one  is  the  phenomenon,  already 
mentioned  and  confirmed  by  all  past  vivisection-experiments  upon 
a  great  variety  of  cells,  that  after  a  longer  or  shorter  time  non- 
nucleated  protoplasmic  masses  invariably  perish,  just  as  do  nuclei 
deprived  of  protoplasm.  Unquestionable  proof  is  thus  afforded 
that  the  vital  phenomena  of  the  cell  come  about  only  through  the 
undisturbed  correlation  of  the  two  parts  of  the  cell.  That  this  cor- 
relation is  a  metabolic  correlation  is  d  prioi^i  evident,  since  vital 
phenomena  are  merely  the  expression  of  cell-metabolism.  But 
this  fiswt  is  proved  by  special  facts  relative  to  phenomena  that 
occur  up  to  the  time  of  death  in  protoplasmic  masses  deprived  of 
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a  nucleus.  During  tho  frequently  long  time  that  elapses  between 
the  removal  of  the  nucleus  and  the  death  of  the  enucleate  proto- 
plaamic  mass,  certain  metabolic  phenomena  gradually  disappear, 
while  many  activities  continue  even  until  the  last  moment  before 
death.  The  disappearance  of  phenomena  shows  at  once  that  by  the 
removal  of  the  nucleus  the  metabolism  of  the  protoplasm  has  under- 
gone a  disturbance. 

One  groufi  of  phenomena  that  disappear  relates  to  the  treatment 
of  ingested  food,  and  may  be  especially  well  observed  in  the  naked 
protoplasm  of  Rkizopoda.  If  in  a  Polystomella,  whose  delicate, 
snail-like,  calcareous  shell  is  filted  with  a  protoplasmic  body  that 
is  usually  iininucleated,  a  piece  of  the  shell  containing  non- 
nucleated  protoplasm  be  skilfully  cut  off,  after  some  time  the 
protoplasm  forms  again  wholly  normal  peudopodia,  and  fijr  some 
days  behaves  like  an  uninjured  Polyslmtiella.  Small  hifuaoria,  which 
serve  the  organism  as  food,  are  still  caught  by  the  pseiidopodia. 
which  latter  are  covered  with  a  delicate  viscous  secretion ;  and 
under  certain  circumstances  these  Infusoria  can  even  be  killed  by 
the  action  of  the  pseudopodial  protoplasm  surrounding  them  ;  but 
no  digestion  takes  place.*  The  same  observation  can  be  made 
readily  upon  large  Radiolaria,  like  Thalasaicolla,  which  can  with 
ease  be  deprivM  of  its  central  capsule  containing  the  nucleus. 
After  this  operation  the  large  non-nucleated  protoplasmic  body 
behaves  like  a  complete  Thalassicolla.  The  peudopodia  hold  fast 
the  swimming  iood-In/usm-ia  and  surround  them  with  their  proto- 
plasm. The  Infusoria  are  killed  and  sometimes  even  altered  in 
form,  but  complete  digestion  never  takes  place.*  Hofer  ('89— '90) 
observed  the  same  thing  in  large  specimens  ai  Amceha:  When  he 
divided  under  the  microscope  Amtehts  that  had  devoured  Infusoria, 
so  that  the  latter  wfri>  present  in  the  n\ic]<.'nted  tvf  we!)  as  in  the 
non-nucleat..-d  h;i!f  ■>(  th.-  ],v'.in],\-A~i,).  !li..s.  m  llir  laUer  half 
imderwent  feeble  digestion  at  first  and  then  ceased  to  be  sffeOted, 
while  those  in  the  nucleated  half  were  completely  digested,  as  in 
an  uninjured  Amx^ha.  It  follows  from  all  these  experiments  tjiat 
the  assimilation  of  ingested  food  ceases  in  the  protoplasm  after  the 
c.xtiiision  of  the  nucleus. 

As  with  the  consumption,  so  the  production  of  certain  subatances 
by  the  protoplasm  ceases  after  removal  of  the  nucleus.  A  JUHL- 
niicioated  protoplasmic  mass  of  Polystomella  no  longer  excretes 
calcium  carbonate  to  complete  its  calcareous  shell,  while  nucleated 
])ieces  re}>air  an  imperfection  in  the  shell  immediately  by  layii^ 
down  new  calcareous  masses  at  the  wounded  place.'  The  secretion 
of  sliuie  by  the  naked  protoplasm  of  Amceba,  as  Hofer  ('89-'90)  has 
shown,  is  not  observed  in  non-nucleated  masses  ;  hence  after 
enucleation  such  pieces  float  in  the  water,  while  nucleated  piocta, 
like  uninjured  Amivbec.  immediately  attach  themselves  again  to 
'  Cj:  Verwmn  (88).  '  Cf.  Verwom  CBl).  '  C/.  Vonrom  CSS). 
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the  bottom  by  means  of  the  delicate  layer  of  slime,  and  continue 
creeping.  In  non-nucleated  pseudopodia  of  Difflugia  at  first  a 
secretion  of  slime  takes  place,  but  it  soon  ceases,  and  after  a  few 
hours  these  protoplasmic  masses  likewise  lose  the  power  of  attaching 
themselves.^  Finally,  the  loss  of  the  power  of  producing  cellulose 
in  the  formation  of  a  cell-wall,  which  Klebs  ('87)  observed  in  plant- 
cells,  is  a  very  characteristic  phenomenon.  In  his  experiments  Klebs 
made  use  of  the  fact  that  harmless  solutions  of  substances  that 
extract  water  cause  the  protoplasmic  body  of  the  plant-cell  to 
contract  and  to  break  up  into  separate  protoplasmic  globules,  a 
phenomenon  that  is  termed  by  botanists  "  plasmolysis. "  If  he 
put  threads  of  Zygnema  or  Spirogyra  into  a  16  per  cent,  solution  of 
cane-sugar,  the  protoplasmic  body  of  the  cell  in  many  cases  broke 
into  two  or  more  globules,  of  which  one  contained  the  single 
nucleus.  Both  nucleated  and  non-nucleated  pieces  continued  to 
live,  in  many  cases  the  latter  even  for  six  weeks.  But  during  this 
time  a  profound  diflFerence  in  the  two  was  shown :  the  nucleated 
pieces  immediately  surrounded  themselves  with  a  new  cellulose 
membrane,  while  the  non-nucleated  pieces  always  remained  naked. 
It  follows  from  this  experiment  that  the  nucleus  with  its  metabo- 
lism takes  an  essential  part  in  the  formation  of  cellulose.  But  the 
experiment  is  especially  interesting  from  the  fact  that  very  recently 
it  has  received  a  desirable  completion  by  another  experiment, 
which  Demoor  ('  95)  has  performed  upon  the  cells  of  Spyrogyra. 
In  a  manner  analogous  to  that  in  which  by  means  of  vivisection- 
operations  the  influence  of  the  nucleus  upon  the  protoplasm  was 
excluded,  Demoor  succeeded  by  means  of  the  suitable  application 
of  various  agents,  such  as  chloroform,  hydrogen,  cold,  etc.,  in 
bringing  to  a  standstill  the  life  of  the  protoplasm  while  the  nucleus 
remained  still  active;  in  other  words,  the  activity  of  the 
protoplasm  was  excluded.  The  result  was  that  the  nucleus 
remamed  living  for  a  considerable  time  undisturbed,  just  as 
after  the  exclusion  of  the  nucleus  the  protoplasm  shows 
normal  vital  phenomena  for  a  considerable  time.  In  Demoor*s 
experiments  the  vital  activity  of  the  nucleus  expressed  itself  just 
as  in  the  normal  life  of  the  cell,  pre-eminently  by  the  phenomena 
of  nuclear  division.  The  nucleus  proceeded  to  divide  as  normally, 
and  to  form  the  well-known  complex  mitotic  figures,  and  soon  two 
nuclei  appeared  and  separated  from  one  another.^  While,  however, 
in  the  undisturbed  cell  upon  the  separation  of  the  two  nuclei  in 
the  protoplasm  a  new  cellulose  membrane  is  always  formed 
immediately,  completing  the  division  of  the  whole  cell  into  two 
daughter-cells,  in  Demoor's  experiments  the  formation  of  such  a 
membrane  was  invariably  absent,  although  the  nucleus  still  con- 

1  Cf.  Verworn  ('90,  1 ). 

2  [Cf.  hereupon  Loeb  and  Hardesty  ('95),  Loeb  ('95 ;  '96,  1),  Morgan  ('96),  and 
Norman  (*96).] 
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tinued  to  low  its  normal  vitnl  phenomena.  While,  thei^fore,  the 
experimeuis  of  Klebs  prove  that  the  niicleuB  is  necessary  for  the 
formation  nf  cellulose,  those  of  Demoorshow  that  the  [irotoplasm 
aLso  takes  part  in  its  production.  In  other  words,  cellulose  nin  bo 
formed  only  by  the  combined  action  of  nucleus  and  protoplasm. 

Besides  these  experimental  results,  a  considerable  iiiimbcr 
of  morphological  olMerrationa  upon  very  {hfferent  IdndM  of  oelfci 
exist,  all  pointing  toward  an  active  eitchaiige  of  substance  between 
nucleus  and  protoplasm.  Of  great  interest  are  the  positions  of 
the  nucleus  relative  to  certain  substances  that  are  produced  or 
taken  in  by  the  cell,  which  have  been  demonstrated  by  Haber- 
landt  upon  plant-cells  and  by  Korschelt  upon  animal- cells. 
Kaberlandt's  investigations  ( '87,  '89)  have  reference  to  the  pheno- 
mena of  groiviii  '  "  "  le.  In  a  wide  range  of  ma- 
terial he  has  estuu  tt  in  certain  cases  the  iiucluitB 
exists  at  the  pla  v  processes  are  localized.  Sttch 
cases  are  the  fc  al  growth  of  the  cell-wall  is 
necessary   to   its             .onci,   wii       as   in  the  thickening  on  the 


Fio,  SM.—J,  An  opIdonnlK-nUat  il  Idiitgc  luf  oF  L<i<il«  xuinns.    The  uitcloui  tin  tn  UMmbUIa 
'  "     HdL     B.  BpiilBnnla-HJla  uf  a  lout  ol  Cvpt^pidium  imiagHi.    Ths  upper  ull-mll  t> 
'-■  -ic  uroil  it.     C,  Epldi^rmfc-MU  of  a  leaf  of  Aloi  rlm-rrmi.     A  .»^- 


iiiitiiv  .side  of  epidermal  cells,  in  the  formation  of  ridges  upon 
the  guard-cells  of  stomata,  and  in  the  rudiments  of  root-hairs 
that  develop  by  apical  growth  at  the  growing  point  of  roots ;  and 
whL're  regeneration  of  an  artificially  injured  cell-wall  takes  place; 
in  brief,  wherever  a  special  development  of  material  for  the  cell- 
wall  takes  place  (Figs.  253  and  254).  But  before  the  beginning 
;\n(l  alter  the  cessation  of  these  various  phenomena  of  growth  the 
niick'us  takes  no  definite  position  in  the  cell  (Fig.  253,  A). 

These  comprehensive  observations  of  Haberlandt  are  paralleled 
by  the  striking  zoological  researches  of  Korschelt  ('89).  Korschelt 
has  studied  chiefly  the  ova  and  secreting-cells  of  insects.  In  the 
egg-tubes  of  the  ovaries  of  Di/tistyiis  marginalis,  a  large  water-beetle, 
the  ova  are  arranged  in  succession  like  a  string  of  pearls  and 
separated  from  one  another  by  a  so-called  nutrient  chamber.  This 
chamber  consists  of  cells  which  produce  and  give  off  nutrient 
material  to  the  ova.  The  behaviour  and  the  position  of  the  nuclei 
of  the  ova  toward  this  nutrient  material  is  very  characteristic  (F" 
255).     From  the  chamber  the  nutrient  material  extends  into  t 
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ov  um  in  the  form  of  a  ^^niilar  mass  and  there  disposes  itself  in  such 
n  manner  that  it  comes  into  very  close  contact  with  the  nucleus. 
But  the  most  interesting  fact  is  that  which  makes  the  activity 
(►f  the  nucleus  toward  the  nutrient  material  apparent,  namely, 
that  the  former  sends  pointed,  pseudopodium-like  processes  into 
the  gianular  mass  where  the  latter  touches  it,  and  only  in  this 
direction,  and  thus  very  greatly 
increases  its  surface  at  the 
place  of  contact  with  the  nu- 
trient material.  If  the  latter 
completely  surrounds  the  nu- 
cleus, the  whole  surface  shows 
pseudopodium-like  processes. 
Korschelt  describes  a  similar 
phenomenon,  especially  as  re- 
gards the  nucleus,  in  a  whole 
series  of  arthropod  and  coelen- 
terate  ova.  The  interesting 
behaviour  of  the  nuclei  in 
secreting  -  cells  toward  the 
secreted  substances  forms  a 
counterpart  to  these  pheno- 
mena of  the  ingestion  of  sub- 
stance on  the  part  of  the 
nucleus.  Here  certain  relations 
exist  toward  the  substances 
produced,  which  are  wholly 
analogous  to  those  existing  in 
ova  toward  ingested  substances. 
In  the  eggs  of  certain  water- 
bugs,  Nepa  and  Kanatra,  there 
occur  peculiar  chitinous  ap- 
pendages, the  so-called  egg- 
rays,  which  are  formed  by  cells 
especially  differentiated  for  this 
purpose.  These  cells,  of  which 
each  two  unite  into  a  single 
cell  with  two  nuclei,  termed 
by  Korschelt  a  dmible  cell, 
assume  a  considerable  size  and 

secrete  within  their  body  the  mass  of  chitin.  The  behaviour 
of  the  two  nuclei  in  this  process  is  very  characteristic  (Fig. 
256,  i).  They  send  out  toward  the  middle,  where  the  secretion  is 
taking  place,  numerous,  frequently  branched,  pseudopodium-like 
processes,  Avhich  increase  the  nuclear  surface  upon  this  side  very 
considerably,  while  the  rest  of  the  surface  remains  smooth.  Such  en- 
largements of  the  surface  of  nuclei  are  wide-spread  in  the  secreting- 

L  L  2 


Fio.  254.—^,  A  row  of  cells  from  a  root  of  Pimm 
»<Uivum.  Upon  the  right  side  three  stages 
in  the  formation  of  a  root-hair  are  shown  ; 
the  nucleus  lies  at  the  places  in  question.  B^ 
Three  cells  from  the  root  of  Oiumrbita  ptpo. 
A  root-hair  is  beginning  to  form  upon  each 
cell ;  the  nucleus  lies  at  the  place  where  the 
hair  projects.  C,  Root-hair  of  Cannahit  tativa. 
The  nucleus  lies  at  the  tip  of  the  hair,  where 
the  growth  is  taking  place.  (After  Haber- 
landt.) 
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cells  of  insects  (Fig.  256,  II),  and  show  that  the  exchange  i»f  sub- 
stance between  protoplasm  and  nucleus  in  secretion  must  be  very 
active.     Corresponding  to  this  is  the  fact  observed  by  Heidenham 
('83),  that  the  nuclei  of  the  cells  of  the  salivary  glands   behave 
essentially  differently  in  the  state  of  rest  and  that  of  extreme 
secretion;  in  rest  they  send  out  pointed  processes  into   the  sur- 
rounding protoplasm,  while  after  continued  stimulation   they  are 
spherical  and  possess  a  smooth  surface  (Fig,  257).     Further,  Bantu 
(8Q)  has  found  that  the  nuclei  of  resting  gland-cells  stain  much 
more   deeply  with  nuclear  stains  than  the  nuclei  of  gland-cells 
that  have  secreted  strongly — a  sign  that  the  chromatic  nuclein  must 
be  destroyed  in   secretion.      Lily   Huie  ('97)   has   also   recently 
discovered  very  profound  changes  in  the 
nucleus  during  mcreased  activity  of  the 
cell  in  the  secreting  cells  of  the   insect- 
eatmg    marsh  plant   Droura,   when    the 
latter  la  fed  with  t^g-albumin.     Green- 
wood ( 96)  has  likewise  observed  in  the 
colonial     infusonan    CarcheHiim   nuclear 
changes  which  develop  parallel  with  the 
nutrition  <if  the  cell     The  phenomena  of 
fatigue  which  Hod^c    Lugaro,  Mann  and 
others   have   ob^ervLd    in    ganglion -eel  Is 
during  LxcLssiVL  activity  and  with  which 
we  h&w.  already  become  acquainted,'  be-  , 
long  in  the  same  category;  and  the  same  ] 
IS  true  uf  O.  Hertwigs  obser\-ation  ('84)  1 
that  in  eggs  that  are  rich  in  yolk,  the 
nucleus  always  moves  toward  the  place  j 
where  there  is  the  greatest  accumulation  ! 
of  protoplasm.     Finally,  in  a  wide  varie^  ] 
of  cells  a  remarkable  change  in  the  nze  ] 
of  the  nucleus  during  cell-life'   can   be  | 
observed,  which   can   be   brought   about  1 
only  by  the  nucleus  receiving  substances  from  the  protoplasm   ' 
ami  giving  off  others  to  it. 

Usually,  on  account  of  the  existence  of  a  nuclear  membrane,  i 
exchange  of  liquid  substances  only  is  possible  between  nucleus  ai,--  _ 
protoplasm.  But  in  many  cases  where  because  of  the  &ilure  or  J 
disappearance  of  such  a  membrane  solid  masses  may  be  exchanged,! 
many  observers,  such  as  Frommann,  Auerbach,  Leydig,  Bras^  I 
Stuhlmann,  and  othere,  have  observed  on  the  part  of  the  nucleus  a  J 
direct  ingestion  or  extrusion  of  granules  and  flakes.  In  certain  J 
stages  in  the  course  of  development  of  many  cells  there  even  occui 
regularly  a  disintegration  of  the  nucleus  into  many  small  particle 
which  are  resorbed  by  the  protoplasm.  Thus,  we  recall  the  I 
'  C/  p.  464.  '  C/.  Schw»re  ('M.  2). 


tAItar  Koncbslt.) 
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\a\mi  of  the  nuclei  observed  by  R.  Hertwig  ( 

jugstion  of  ciliate  Inficsona : '  the  fairly  Ian 


'89)  in  the  con- 

.icleus  breaks 

icomes  completely  re- 


siirbed;  the  niicronucieus  grows  by  the   ingestion  of  substance, 
difierentiates,  divides,  and  gives  rise  to  a  new  micronucleits  and  a 


Hsw  macron ucleus,  which  undergo  a  very  considerable  increase  in 
•ioe. 
It  19  unnecessary  to  extend  still  farther  the  enumeration  of  facts. 
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From  tho  experiments  and  observations  pi'eBenti.tl  it  is  tvident 
that  between  the  protoplasm  and  the  nucleus  a  niutunl  exohangf 
of  substance  takes  place,  without  which  neither  of  the  two  partM 
of  the  cell  can  continue  to  exist.  In  other  words,  both  nucleus 
and  protoplasm  take  part  in  the  metabolism  of  the  whole  cell  and 
are  indispensable  to  its  continuance. 


1 .  7%e  Mechanics  of  Cell-metabolistit 


FHQj^ 


With  the  ine         a  i  nut.      t  and  the  protoplasm  in  the 

metabolic  chain         i  ss  11-metabolibm  assumes  extra- 

ordinary comple:  on         k  of  knowledge  of  the  special 

chemical  process.^  suoBKk  ice  we  can  at  present  form  no 

idea  of  the  metaboiia...  ;  bio         in  the  type  of  cell  possessing 

a  dififerentiated  nucleus  auuproto^ m,norof  the  share  taken  by  the 

two  parts  of  the  cell  in  the  various  components  of  this  nietabolism ; 
nor  do  we  even  know  whether  we  mus'.  not  assume  the  existence  of  a 
large  number  of  H^ffprfnt.  ItitKla  pf  '  mgens  in  t,)^r  niiclfj-i  and  in 
the  pnitnplaHin.  whose  metabolism  ib  closely  interwoven  with  one 
another.  Although  we  must  leave  the  solution  of  all  these  quiu^tioDit 
to  the  future,  upon  the  basis  of  our  present  knowledge  we  can  at 
least  form  a  picture  of  the  great  complexity  of  the  motaboHo 
miichinery  by  means  of  a  graphic  scheme  showing  the  mutual 
relations  of  the  surrounding  medium,  the  protoplasm  and  the 
nucleus. 

For  this  purpose  it  is  necessary  first  to  become  acquainted 
with  certain  new  facts.  Although  the  non-appeai-ance  of 
ccitain  phenomena  in  non-nucleated  protoplasmic  masses  on  the 
iini.'  hand,  and  in  nucleated  cells  with  the  protoplasm  excluded  on 
the  other,  shows  that  as  regards  many  metabolic  processes  the 
nurleus  and  the  protoplasm  are  greatly  dependent  upon  each  other, 
with  reference  to  many  other  phenomena  there  appears  from  some 
exfu'T-iments  a  certain  independence  of  the  two.  For  example, 
certain  processes  continue  in  the  protoplasm  for  a  considerable 
time  oven  after  the  removal  of  the  nucleus.  Among  these  pro- 
cesses two  gi-oups  may  be  distinguished.  EJlSt,  since  the  nucleus 
is  continually  giving  off  substances  to  the  protoplasm,  there  always 
occur  in  the  latter  certain  quantities  of  those  substances,  which 
we  shall  term  in  brief  ■"■■"fin  f  ""fil^"'" ""ff,  which  cannot  be  removed 
with  the  removal  of  the  nucleus.  Hence  certain  pi-cjcesses,  for  the 
occurrence  of  which  the  nuclear  substances  are  absolutely 
neci.-ssary,  are  still  able  to  continue  at  the  expense  of  thoM|,M, 
present  in  the  protoplasm  since  a  time  previous  to  the  enucleatio 
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They  cease  only  with  the  consumption  of  these  substances. 
These  processes  constitute  the  first  group.  Those  constituting 
the  second  group  are  not  immediately  dependent  upon  the  presence 
of  nuclear  substances.  That  such  processes  exist  is  shown  by  the 
observations  made  by  Klebs  (*87)  in  plasmolysed  cells  of  Spirogyra, 
which  Gerassimoff  ('92)  has  completely  confirmed.  When  by 
plasmolysis  in  a  16  per  cent,  solution  of  cane-sugar  Klebs  caused 
the  cells  of  a  thread  of  Spirogyra  to  break  up  into  protoplasmic 
lumps,  bits  of  protoplasm  frequently  appeared  that  possessed 
shreds  of  the  chlorophyll-band  but  no  nucleus.  By  employing 
narcotics  upon  cells  of  Spirogyra  that  were  undergoing  aivision 
(lerassimoff  ('97)  has  recently  obtained  cells  completely  destitute 
of  a  nucleus.  Under  favourable  conditions  these  non-nucleated 
masses  of  protoplasm  in  Klebs's  experiments  continued  to  live  for 
weeks.  As  has  already  been  seen,  in  contrast  with  nucleated 
masses  they  had  lost  the  power  of  forming  a  new  cellulose- 
membrane.  But  they  exhibited  other  vital  phenomena  unchanged. 
For  example,  when  put  into  the  dark,  they  consumed  completelyt 
the  starch  that  was  contained  in  them,  and,  when  in  the  light,! 
they  formed  new  starch  in  case  they  still  possessed  chlorophyll.  [ 
In  other  words,  the  synthesis  of  starch  from  carbonic  i^ffjd  ai^ji 
w^ifijr,  and  the  further  consumption  of  starch  is  in  a  certain 
degree  independent  of  the  influence  of  the  nucleus.  We  say  "  in 
a  certain  degree,"  for,  if  the  non-appearance  of  other  phenomena 
caused  by  the  removal  of  the  nucleus  has  reached  a  certain 
extent,  evidently  the  starch-building  chlorophyll-bodies  will  share 
in  the  disorder ;  they  will  experience  changes,  will  form  starch  no 
longer,  and  will  finally  perish.  In  the  case  above  mentioned  this 
came  in  relatively  late,  frequently  not  until  after  several  weeks. 
In  so  far,  therefore,  as  the  metabolism  of  the  chlorophyll-bodies 
is  disturbed  along  with  the  disturbance  of  the  whole  metabolism 
by  the  removal  of  the  nucleus,  the  formation  of  starch  is  in  a 
certain  sense,  but  only  indirectly,  dependent  upon  the  nucleus. 

While  non-nucleated  masses  of  protoplasm  in  plant-cells,  in 
case  they  still  possess  chlorophyll,  split  up  carbonic  acid  and  pro- 
duce starch  synthetically,  they  are  also  able  to  respire  for  a  long 
time.  The  proof  of  the  fact  that  respiration  continues  in  such 
pieces  to  the  same  extent  as  in  nucleated  pieces  or  whole  cells, 
IS  afforded  by  the  following  experiment.^  We  place  in  a  pendent 
drop  in  Engelmann's  gas-chamber^  a  number  of  nucleated  and 
non-nucleated  pieces  of  Infusoina  together  with  uninjured  in- 
dividuals, and  let  a  stream  of  washed  hydrogen  pass  through  the 
chamber  from  a  Kipp  s  apparatus  (Fig.  258) ;  in  a  short  time  this 
forces  out  the  air  contained  in  the  chamber.  As  a  rule  after  five 
or  ten  minutes  we  see  the  non-nucleated  and  the  nucleated  meoes 
and  the   uninjured   Infuscyi^a  begin    to  undergo  gr 

1  Cf.  Verworn  ('91).  «  Qf.  } 
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tegration.  If  then  the  hydrogen  be  very  rapidly  displacod  by  fresh 
air,  it  ia  frequently  possible  to  prevent  complete  disintegr&lloo, 
which  otherwise  invaiiably  appears  aftiT  a  short  time.  It  follows 
from  this  that  in  non-nuck-atfJ  protoplasmic  masses,  oxidation 

grocesaes  take  place  as  in  nucleated  masses  and  uninjured  cells. 
Respiration,  therefore,  is  in  a  certain  degree  independent  of  the 
influence  of  the  nucleus.  This  is  completely  confinned  by  the 
experiments  of  Demoor('95).who  put  the  cells  of  Sjiirogyra  into 
pure  hydrogen  and  found  that  the  protopla.sm  soon  su.'^pended  alt 


«b0T8  bvii  metal ,  „ „ 

of  ■  pendiutdrDp  ;  □  a' an!  tiibea  which  apsn  lutntbs  csTlCjr  of  IbfringuiilHirTo  torhftteg 
the  Liter  by  eouveying  unmn  witer  through  It :  6  6'  are  tub»  whlrfi  ntwn  Inlo  llw  glim- 
covond  chunber  ud  UTTofur  the  paaaiwv  of  gtnot ;  the  dnm  auapeijdca  upon  Uw  conp- 
BlMswlUi  lt»  llviiig  cunlenUi  ii  huthed  hy  the  gu  In  the  cbumber.  II,  Amui(iiiiui>t  (Br 
fDvettlgiilicin  In  purs  hydrogen,  a.  Klpp'i  uppuetui  for  the  pnductioD  of  LTdmgen  j  b,  two 
wuti-bottlei  (or  piirilying  the  hydngEn  ;  e,  mkniKope  ui>uu  whkli  la  the  )[W.diaiBbar 


vital  phenomena,  while  the  nucleus  showed  no  disturbance  and 
quietly  proceeded  to  divide.  It  appears,  accordingly,  as  if 
retjpiration  were  localized  exclusively  in  thenrotoplasm,  as  if  the  i 
nucleus  took  no  direct  part  in  the  oxidation-pnx'esses. 

In  viewof  these  discoveries  in  non-nucleaten  masses  of  protoplaMn,, 
it  would  be  desirable  to  j)erfonii  analogous  experiments  upon 
nuclei  depriveil  of  protoplasm,  in  order  to  find  out  whether  cerfaun 
metabolic  processes  continue  undisturbed  after  the  exoluaioa, 
of  the  latter.  But  the  decision  of  this  question  is  besot  with 
grt'at  difficulties,  for  the  simple  reason  that  it  is  not  easy  to  Hnd 
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in  the  nucleus  any  outwardly  visible  evidences  of  its  metabolism. 
Nevertheless,  it  follows  clearly  from  Demoor's   experiments  that 
the  nucleus  also  exhibits  vital  phenomena  after  the  exclusion  of 
the  protoplasm.       Demoor   narcotized   cells   of    Spiroayra  with 
chloroform  so  that  the  protoplasm  was  completely  paralysed,  and 
found  that,  notwithstanding,  the  nucleus  went  throuyni  ft^^    ^^f^ 
8ta)j[e8  of  division    nndj^til?^^^^    and   showed    the   characteristic 
changes   that   it  exhibits  in   an  uninjured  cell  in  division.     In 
the  leucocytes  of  the  frog  the  nucleus  has  the  power  of  amoeboid 
motion,  and  Demoor  was  able  to  paralyse  the  protoplasm  by  the 
use  of  chloroform  without  interrupting  the   movements  of    the 
iiucleus  (Fig.  259).     These  discoveries  show  that  individual  pro- 
cesses take  place  in  the  nucleus  in  a  certain  measure  independent 
of  the  influence  of  protoplasm.     Naturally  it  cannot  be  decided 
at  present  whether  these  processes  continue  only  because  after  the 
exclusion   of  the   protoplasm    there  are    still   contained   in   the 
nucleus  protoplasmic  substances  which  must  be  consumed  before 
tHe  processes  in  question  cease,  or   whether  the  latter  are  not 
directly  dependent  upon  protoplasmic  substances.     Possibly  both 


a 


Fio.  199.— Leucocyte  from  the  frog  in  asUite  of  chlorufcirti.  uarcosis  ;  the  protoplasm  Is  completely 
Diralysed,  while  the  nucleus  still  makes  amceboid  movements.  C/.  a,  h,  c,  and  d.  (After 
Demoor.) 

cases  are  here  realized;  this  appears  very  probable  when  it  is 
borne  in  mind  that  the  nucleus  has  direct  metabolic  relations  with 
the  external  medium,  without  the  mediation  of  the  protoplasm. 
Without  doubt  there  are  substances  that  pass  from  the  external 
medium  through  the  protoplasm  unchanged  into  the  nucleus, 
to  be  employed  there  for  metabolism.  This  is  certainly  the 
case  with  water  in  a  certain  quantity,  which  is  absolutely 
necessary  to  every  vital  process.  The  water  is  able  to  diffuse 
continually  through  the  cell-membrane  into  the  protoplasm 
and  through   the   nuclear  membrane   into   the   nucleus.      It   is 

nble  that  along  with   the  water  many  substances  which  are 
Ived   in   it   also   come    from   the    outside    into   the   nucleus 
to  engage  there  in  chemical  transformation. 

Findily,  it  may  be  assumed  that  all  the  substances  that  the 
nucleus  gives  off  are  not  employed  by  the  protoplasm  for 
tamsfomaations,  but  that  some  pass  unused  through  the  protoplasm 
*nd  are  transferred  to  the  outside. 

In  order  to  obtain  a  clear  idea  of  how  closely  and  firmly  the 
nucleus  is  interwoven  into  the  metabolism  of  the  cell,  and  what 
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compHcatioi  s  iire  caused  in  the  latter  by  the  introduction  i>f  th* 
nucleus  int(  the  chain,  it  will  be  advantageous  to  bring  togethir 
the  experin.ental  facts  in  a  schematic  form,  such  aa  is  showrn  in 
the  accomp  nying  Fig.  260.*  This  represents  a  cell  eontaiiiing  n 
nucleus,  ant.  each  arrow  signifies  a  quantity  of  substances  upon 
their  pathway  through  the  metabolic  circulation. 

The  cell  receives  certain  substances  from  the  outeide ;  nf  t  hvse 
some  (n),  upon  meeting  substances  already  present  in  the  proto- 
plasm, undergo  decomposition  and  syntheses.  Of  the  snbRtances 
resulting  from  these  transfonnations  some  {b)  are  at  once  excreted 
as  useless,  others  (c)  remain  in  the  protoplasm  and  are  there 
employed  further,  while  n 
third  class  (d)  is  passed  on 
tuthenucleus.  Th«au<;l«u». 
moreover,  obtains  a  pi>r- 
tion  of  the  substances  (<> 
received  from  the  outride 
and  passed  on  unchanged 
through  the  protoplasm. 
The  Mubstances  (ri+e)  en- 
tering into  the  nucleus 
there  undergo  on  their  part 
certain  transformations, 
from  which  again  sub- 
stances result :  these  in 
part  (.;■)  are  given  off  to 
the  outside  without  being 
chanced  bythe  protoplasm, 

lii>Jtu.tutbiidlnrUQauIingc«iD<ii.t..f  aubiiUntt.  m     part    (A)     pOSS     tO     the 

protopla.siii  to  find  there 
further  employment,  and  in  part  (j)  remain  in  the  nucleus  itsclC 

If,  now,  we  realize  that  every  arrow  represents  a  sum  of 
substances,  that  the  substances  passing  from  the  nucleus  to  tho 
]trutoplaMm  undergo  transformations  as  well  as  those  entering  from 
the  iiutside,  and  that  the  substances  arising  from  these  trans- 
foriiiiitionp  am  in  part  conveyed  again  to  the  nucleus,  we  obtWD 
iiii  ijiiiroximate  idaa  of  how  close  the  metabolic  connection  of  tho 
nni'li'ii-  with  the  protoplasm  is. 

i'iirthi.'r,  it  should  be  remembered  that  in  all  the  above 
ciiii>.iiliriition.'*,  nucleus  and  protoplasm  represent  a  great  sum  of 
liifliTiTit,  in  many  cases  even  morphologically  different,  bodies, 
that,  in  the  conception  "  nucleus  "  are  comprised  all  forms  termed 
Jicr.ssfirv  nuclei,  micronuclei.  etc.,  and  thnt  bv  '"  pnitoplrLsni  "  there 
is  iiii.i.'r.s{."..il  Ik.-  whole  sum  of  the  varimi-  I,"l^"ll|.■|^  ,.|' .liffLTcntia- 
tioii,  ivon  chlorophyll -bodies.  Only  when  we  consider  that 
all  thr  various  constituents  of  nuclear  substance  and,  likewise,  the 
'  C/.  Verwom  ('89,  1). 
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granules,  chlorophyll-bodies,  etc.,  of  protoplasm  share,  at  least 
temporarily,  in  the  metabolism,  do  we  obtain  an  approximate  idea 
of  the  complexity  of  the  cell-metabolism  and  of  the  endlessly 
multiform  relations  in  which  nucleus  and  protoplasm  are  united. 

A  fer-reaching  correlation  between  the  individual  elements  of 
the  cell,  especially  between  the  nucleus  and  the  protoplasm, 
follows    firom    these   close    metabolic    connections.     The    one   is  jij 

conditioned  by  the  other.     One  is  dependent  upon  the  substances  I'! 

that  the  other  produces.  Thus  the  profound  changes  are  explained 
that  the  life  of  the  cell  experiences  when  the  individual  links  of 
the  great  metabolic  chain  are  changed,  whether  spontaneously  in 
the  course  of  development  or  as  a  result  of  the  action  of  external 
stimuli  Every  change  of  one  biotonic  link  brings  about  a  change  of 
many  others  and,  if  for  any  reason  one  drops  out,  the  metabolic 
chain  is  broken,  and  necrobiosis,  which  finally  ends  in  death,  begins. 


b.    The  Mechanics  of  the  Ingestimi  and  Output  of  Substances 
There  now   remains   the   question    of  the   mechanics   of  this 


1 


mere   now   remains   me    question    oi    Dne    raecnanics   oi    mis  '    j 

mvolved  process  of  cell-metabolism.     Since  the  metabolic  relations  ] 

between  the  nucleus  and  the  protoplasm,  like  those  between 
the  whole  cell  and  the  medium,  are  based  upon  the  ingestion  and 
output  of  substances,  this  question  may  be  simply  comprised  in 
the  problem  of  the  mechanics  of  these  processes  on  the  part  of 
the  cell 

It  is  advantageous  to  consider  separately  the  cells  that  receive 
and  give  oflF  substances  in  solution  only,  and  those  that  receive  and 
give  off  solid  substances  also. 

For  a  long  time  the  processes  of  exchange  of  dissolved  substances 

between  the  cell  and  the  surrounding  medium,  both  resorption  and 

secretion,  were  regarded  as  conforming  directly  to   the  laws  of 

filtration  and  diffusion.     But  recently  attention  has  been  directed 

to  various  facts  which  prove  that  in  most  cases  filtration  plays  no 

fiXe  at  all  in  these  processes,  and  also  that  diffusion  or  osjjiflgifi 

alone  ^°  apt  ^ttffir^^"^  ^-^  ^Yp^^T  them.     Especially  from  the  later 

observations  of  Heidenhain  ('94)  it  is  known  that  the  vital  process 

in  the  cell  itself  plays  the  most  important  rdle  in  the  exchange ; 

diBiision   alone  is    una^blp  tn  PYplnjn     e.g.,   the  prop<^11ingr  pnwe^ 

with  which  the  secretion  is  extruded  in  many  cases  from  ^and- 

^s,  or  the  considerable  energy  with  which  certain  f<7od-stnff{j^  nrp 

t^gn  up  by  the  intestinal  epitheliuni-cells.    Hence,  in  explaining 

the  meclianics  of  resoi*ption  and  secretion  the  two  factors,  diffusion 

wid  the  chemism  of  the  cell,  must  be  taken  into  consideration. 

By  diffusion  or  osmosis  is  understood,  as  is  well  known,  the  fact 
that  two  different  gases  or  liquids  which  are  miscible  will  mix 
^th  one  another  spontaneously  into  a  homogeneous  mass,  when 
they  are  brought  into  contact.     As  a  rule,  the  word  diffusion  is 
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employed  when  the  gases  or  liqukU  are  in  direct  coutact,  and 
osmosis,  when  they  are  separated  from  one  another  by  an  organic 
membrane.  We  have  already  become  acquainted  with  this  process. 
If  we  recall  the  experiment  that  illustrated  osmosis  (p.  104)  and 
vary  it  somewhat,  we  can  at  the  same  time  make  clear  the  great 
importance  which  the  second  factor,  the  cJumism  of  the  cdl,  possesses 
in  the  presence  of  diffusion  or  osmoaJa.  If  in  the  larger  vessel 
(Fig.  261)  there  is  a  diffusible  salt  solution,  and  in  the  cylinder 
the  solution  of  a  substance  that  does  not  diffuse,  a  certain  quantity 
of  salt  will  diffuse  out  of  its  solution  into  the  liquid  of  the  cylinder, 
while  no  substance  can  pass  from  the  cylinder  into  the  larger  vessel. 
If,  however,  the  substance  in  the  cylinder  has  a  chemical  affinity 
for  the  salt,  the  salt  diffusing  into  the  cylinder  goes  into  chemical 
■combination  at  once.  If  the  chemical  compound  thus  arisine  be 
continually  removed  and  replaced 
by  new  solution  of  the  same  kind 
as  before,  the  salt  solution  in  the 
larger  vessel  will  become  constantly 
weaker  and  weaker,  until  finally  all 
the  salt  has  diffused  into  the  cylin- 
der, has  become  combined  and  is 
removed,  so  that  in  the  large  vessel 
there  is  nothing  but  water. 

This  case  is  realized  in  the  process 
of  taking  in  gaseous  and  dissolved 
substances  by  living  substauce-  The 
living  substance  is  capable  of  mix- 
ing with  the  gaseous  and  dissolved 
food-stuffs,  for  it  has  a  chemical 
affinity  for  them.  The  cell-meni- 
brane,  if  such  be  present,  represents 
the  membrane  of  the  cylinder ;  the 
■cell-contents,  the  contents  of  the  cylinder ;  and  the  gaseous  or  dis- 
solved substances,  the  salt  solution  of  the  larger  vessel.  These  sub- 
stances must  be  diffusible,  if  they  are  to  be  taken  in ;  nevertheless, 
the  living  substance  cannot  diffuse  through  the  cell -membrane, 
since  the  proteids,  etc.,  belong  to  the  so-called  colloid  substances. 
Hence  the  food-stuffs  will  pass  mto  the  cell,  but  the  living  substance 
cannot  pass  out.  Since  tne  latter  has  a  chemical  affinity  for  the 
frtod-stuffs,  it  must  enter  into  combination  with  thorn  imme4iately 
after  their  entrance  into  the  cell.  But  it  is  continually  decompos- 
ing, giving  off  substances  to  the  outside,  and  reforming  ;  in  otfaOT 
words, the  food -substances  taken  in  are  constantly  being  consumed, 
so  that  a  continual  balance  between  the  iiwide  and  the  outside  can 
never  take  place,  and  new  masses  must  constantly  diffuse  in.  Th« 
output  of  substances  must  take  place  in  an  analogous  manner. 
Let  us,  then,  imagine  a  cell,  surrounded  by  a  membrane,  existing  in 
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a  medium  that  contains  food-stuffs,  such  as  a  bacterium  in 
a  nutrient  liquid.  By  means  of  osmosis  and  the  chemism  of  the 
cell  the  constituents  of  the  nutrient  liquid  that  are  miscible  with 
the  cell-contents  and  do  not  possess  too  large  molecules 
must  pass  through  the  cell- wall  into  the  cell-substance  and, 
vice  versa,  the  constituents  of  the  cell-substance  that  are  mis- 
cible with  the  nutrient  liquid  and  are  able  to  pass  through  the 
cell- wall,  must  go  out  of  the  cell  into  the  nutnent  liquid.  This 
exchange  goes  on  in  so  far  as  the  substances  in  question  are  not 
held  fast  by  other  forces  upon  the  one  or  the  other  side.  The- 
oretically, it  will  necessarily  continue  until  a  balance  as  regards 
the  substances  capable  of  transportation  is  struck  between  the 
cell-contents  and  the  medium,  when  the  metabolism  will  neces- 
sarily cease.  But  in  the  living  cell  such  a  condition  is  never 
reached,  since  compounds  there  exist  which  are  continually  decom- 
posing and  building  themselves  up  anew.  On  the  one  hand,  the 
substances  received  by  the  cell  from  the  medium  are  always  con- 
sumed at  once  and  transformed  into  other  compounds  ;  and,  on  the 
other  hand,  those  that  the  cell  gives  off  to  the  medium  are  con- 
stantly being  formed.  Hence  the  exchange  between  cell  and 
medium  must  continue  as  long  as  the  cell  is  still  capable  of  taking 
up  food-stuffs  in  sufficient  quantity  from  the  medium  and  of  giving 
off  excretory  substances  in  sufficient  quantity  to  the  medium.  If, 
therefore,  the  mass  and  character  of  the  medium  are  fixed,  and  not 
changed  from  the  outside,  after  some  time  the  cell  must  perish  ; 
this  will  occur  either  when  the  food-stuffs  contained  in  the  medium 
are  consumed,  or  when  the  latter  is  so  saturated  with  excretory 
substances,  that  the  output  of  them  by  the  cell  has  diminished  or 
ceased.  It  is  very  easy  to  produce  both  cases  experimentally  in 
cultures  of  Bacteria,  The  bacteria  die  either  from  lack  of  food  or 
from  the  accumulation  of  the  products  of  their  own  metabolism, 
because  the  osmotic  exchange  of  substance  between  bacterium-cell 
and  nutrient  liquid  gradually  ceases  through  the  gradual  equalisa- 
tion of  the  substances  belonging  to  the  two. 

In  many  cases  the  mechanism  of  exchange  between  cell  and 
medium  is  more  complex.  If,  for  example,  the  nutrient  substances 
in  the  surrounding  medium  are  not  present  in  a  diffusible  form,  i.e., 
if  they  are  either  solid  or  possess  so  large  molecules  that  they  are 
unable  to  pass  through  the  pores  of  the  cell-wall,  they  must  be 
made  soluble  and  diffusible.  This  is  performed  through  the  action 
of  ferments  which  the  cell  produces  and  in  many  cases  gives  off  to 
the  outside.  In  contact  with  these  ferments,  the  polymeric  mole- 
cules of  proteid,  of  gelatine,  of  starch,  etc.,  and  solid  masses  of 
these  substances  become  split  up  and  brought  into  solution,  and 
they  are  then  able  to  diffuse  into  the  interior  of  the  cell.  This 
process  may  be  followed  very  easily  in  bacterial  '  "  ^^  a 
bacterial  cell  be  placed  upon  a  glass  plate  covered  wi 
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gelatine,  the  cell  begins  gradually  to  liquefy  the  gelatine  iiv    y. 
vicinity,  i.e.,  to  bring  the  solid  substance  into  solution,  and  tx^^j^^ 
the   accumulation   of  liquid  thus    arising   and    surrounding    jl 
bacterium,  the  dissolved  nutrient  substances   are  able    to  uiffy^ 
into  the  cell.      In  cells  possessing  a  naked  protoplasmic  sutf^^jg 
and  no  cell-wall  extracellular  digestion  is  naturally  not  required 
because  the  food-stuffs,  even  when  they  cannot  diflFuse,  are  able  to 
come  into  chemical  relation  with  the  surface  of  the  protoplasm 
directly. 

These  considerations  allow  us  to  form  a  general  idea  of  the 
mechanics  of  the  process  by  which  resorption  and  secretion  in  the 
living  cell  are  able  to  go  on  continually  and  automatically.  The 
great  quantity  of  energy  that  is  involved  in  the  tw^o  can  also  be 
understood,  if  the  chemism  of  the  living  cell  be  taken  into  suffi- 
cient consideration  ;  for,  if  ver}'  strong  chemical  afl^ties  for  food- 
stuffs exist  in  a  cell,  and  if  a  very  active  transformation  of  sub- 
stance takes  place,  it  is  then  very  easily  conceivable  that  the 
great  amount  of  chemical  energy  can  lead  to  the  performance  of 
very  considerable  work.  Special  cases  are  still  puzzling ;  but  the 
solution  of  these  cases  belongs  elsewhere. 

While,  as  may  be  supposed,  the  exchange  of  dissolved  substances 
between  cell  and  medium  is  based  upon  the  same  principle  in  all 
cases,  that  of  solid  substances  is  performed  in  verj^  different  ways  in 
different  cases.    The  only  thing  common  to  all  these  latter  is  the  fact 
that  the  exchange  is  mediated  solely  by  active  movements  of  the 
cell    in   question,   but   in   different   cases  these   movements  are 
influenced  in  very  different  ways  by  the  food.     The  ingestion  and 
output  of  solid  substances  is  not  \\ade-spread  and  occurs,  indeed, 
only   in    naked    protoplasmic    masses,   such    as    Bhizopoda  and 
leucocytes,  and  in  Infusoria  in  so  far  as  they  possess  a  special  mouth- 
opening.       In  many  Infusoria  and  especially  in  those  that  lead  a 
sessile   life,  such  as  Stentor  and    Voi-ticella,  the  ingestion  of  food 
appears  to  be  left  solely  to  chance,  which  occasionally  leads  small 
free-swimming  food-particles,  such    as   -4/^a-cells,    swarm-spores, 
Bacteria,  etc.,  into  the  region  of  the  lively  whirlpool  that  is  pro- 
duced by  the  circlet  of  cilia  upon  the  peristome.       This  whirlpool, 
while  capable  of  being  influenced  in  direction  by  changes  in  tl»>^ 
action  of  the  cilia,  is  so  regulated  at  the  time  of  food-ingestio^ 
that  it  leads  directly  into  the  mouth-opening  of  the  cell-bod^' 
Free-swimming  Infusoria  and    most  naked    protoplasmic  mass^^ 
seek  solid  food.       Either  they  are  attracted  from  a  distance  t^^ 
chemical  stimuli  which  go   out  from  the  masses  of  food  by  th:^ 
diffusion  of  certain  substances,  or  they  are  led  to  take  up  the  food  fc^ 
mechanical  stimulation  through  direct  contact  with  the  food-mass^=^ 
In  the  former  case  the  ingestion  of  food  is  the  result  of  a  positi\''^^— 
chemotaxis,  since  the  cell  moves  toward  the  source  of  the  chemic^^ 
stimulus,  and   its  protoplasm  comes   into   very  close    connectic^^ 
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with  the  substance  in  question  ;  in  the  latter  case  a  positive  thigmo- 
taxis  exists,  since  the  cell  endeavours  to  extend  as  much  as  possible 
the  surface  of  contact  with  the  food -body  and  surrounds  the  latter 
with  its  protoplasm.  These  two  factors  are  very  frequently  united. 
But  the  ball  of  food  is  always  surrounded  upon  all  sides  by 
the  protoplasm,  if  it  has  come  into  contact  with  the  latter,  whether 
upon  the  surface  of  a  naked  protoplasmic  body,  or  in  the  mouth - 
opening  of  an  infusorian  cell.  The  process  of  surrounding  it  is 
<^xplained  very  simply  from  the  expansory  effect  which  the  stimulus 
of  the  food-ball  exercises  upon  the  protoplasm ;  if  the  surface  of 
the  latter  rises  up  around  it,  it  must  finally  be  surrounded  by  the 
protoplasm.  The  ingestion  of  solid  food,  therefore,  finds  its  ex- 
planation in  the  mechanism  of  chemotactic  and  thi^otactic  re- 
actions; we  have  already  become  acquainted  with  these  in  detail  else- 
where.^ How  solid  substances  are  given  off  is  still  little  understood. 
This  appears  to  be  left  more  or  less  to  chance.  At  least  this  is 
the  impression  obtained  from  Amceba.  As  a  rule  the  solid  sub- 
stances lie  in  vacuoles,  and,  if  by  the  continual  movement  of  the 
protoplasm  the  vacuole  is  brought  close  to  the  surface,  the  thin 
wall  that  separates  it  from  the  surrounding  medium  occasionally 
breaks,  and  the  contents  are  set  free.  But  perhaps  stimuli  of 
some  sort  coming  from  the  excreted  particle  are  necessary  for  this 
rupture  of  the  wall.  The  questions  whether  the  removal  of  the 
excretion  through  the  anal  opening,  which  occurs  in  infusorian  cells, 
likewise  depends  upon  stimulation,  must  be  left  until  the  process 
has  been  studied  more  in  detail. 

A  remarkable  phenomenon,  which  has  often  been  cited  as  afford- 
ing special  difficulties  to  a  mechanical  explanation,  is  the  so-called 
selection  of  food  on  the  part  of  certain  cells,  i.e.,  the  fact  that  certain 
€ells  take  up  only  certain  substances  among  all  those  available.^ 
Thus,  regarding  the  seeking  of  ^tro^ra-threads  by  Vampyrella 
Spirogyrac  and  the  selection  of  fat-droplets  from  the  intestinal  con- 
tents by  the  intestinal  epithelium-cells,  Bunge  ('94)  says :  "  No 
chemical  explanation  of  these  phenomena  is  conceivable."  But 
why  this  should  be  so  is  not  easily  understood.  If  in  these  ap- 
parently isolated  phenomena  the  fact  upon  which  they  are  based  is 
clearly  understood,  i.e.,  that  every  cell  takes  up  certain  substances 
and  not  others,  the  action  of  the  cells  is  self-evident.  Every  cell 
has  its  characteristic  composition  and  its  own  peculiar  metabolism. 
Is  it  not  then  comprehensible  that  only  those  substances  are  drawn 
from  the  medium  into  the  metabolic  circulation  of  the  cell  that 
have  chemical  relations  with  the  constituents  of  the  cell-body  and 
are  necessary  to  the  maintenance  of  metabolism,  while  others  which 
have  no  such  relations  with  the  living:  substance  and  are  indifferent 
to  the  cell,  are  not  taken  up  and,  when  free  locomotion  is  possible, 
are  not  sought  out  ?     The  principle  upon  which  this  phenomenon 

1  Cf,  p.  498.  2  cf,  p.  146. 
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is  based  is  evidently  the  same  aa  that  which  controls  in  gi?neral 
atoms  and  molecules,  namely,  affinity.  It  is  surely  no  less  wonder- 
fill  that  an  atom  of  phosphorus  unites  verj'  easily  with  an  atom  uf 
oxygen,  but  not  with  an  atom  of  platinum,  than  that  an  intestinal 
epitnelium-cell  takes  up  fat-droplets  but  never  pigment-granules. 
And  it  is  no  less  comprehensible  that  a  Vampp-ella  surrounds  with 
its  body -protoplasm  and  digests  only  Spiroffyra  threads  and  no 
other  bodies,  than  that  a  drop  of  rancid  oil,  as  Gad  (78)  has  shown, 
sends  out  amoeboid  processes  to  an  alkaline  liquid  and  uses  the 
alkali  for  the  manufacture  of  soap,  but  is  inactive  toward  an  acid 
liquid.  But  the  behaviour  of  the  Vampifrella  and  the  intestinal 
epithelium -cell  is  by  no  means  peculiar,  eveiy  living  cell  behaves 
similarly.  Every  tissue-cell  in  the  human  body  takes  up  from 
the  common  nutrient  liquid,  the  blood,  certain  substances  only,  as 
is  evident  from  the  fact  that  gland-,  muscle-,  and  cartitage-cella, 
produce  wholly  different  and  characteristic  substances.  In  this 
respect,  as  Haeckel  ('66)  has  already  emphasised,  the  cell  behaves 
exactly  like  a  crystal,  for  example  a  en-stal  of  alum,  which  out  of  a 
mother  liquor  containing  numerous  salts  in  solution  always  selects 
alum  molecules  only,  in  order  to  employ  them  for  its  growth,  or, 
if  it  has  been  injured,  for  its  regeneration.  Thus  the  mystical  ob- 
scurity that  some  investigators  have  endeavoured  to  wrap  about 
the  so-called  selection  of  food-stuffs  on  the  part  of  the  individual 
cell  does  not  really  exist.  What  has  been  called  by  the  anthropo- 
morphic term  the  "selection  of  food"  by  the  cell  is  an  absfilutely 
necessary  consequence  of  the  fact  that  the  living  substance  of  every 
cell  possesses  its  own  specific  composition  and  its  own  characteris- 
tic metabolism. 

Thus,  the  phenomena  of  cell-metabolism  may  all  be  referred  to 
chemical  and  physical  principles,  as  they  are  iound  in  inorganic 
nature,  and  although  at  present  we  are  unable  to  trace  in  individual 
coses  the  finer  details  of  the  special  metabolic  processes,  we  ar& 
certain  that  the  whole  metabolism  comes  about  in  a  purely 
mechanical  manner,  and  that  phenomena  are  never  met  with  that 
cannot  be  explained  mechanically.  There  can  evidently  be  no 
exception  to  tne  conclusion  that  everj-thing  that  consists  of  matter 
must  obey  the  laws  of  matter. 

2.     The  Mechanics  of  Changes  (/  Cdl-fonn 

Although  in  the  present  condition  of  our  knowledge  of  cell- 
processes,  we  do  not  know  what  special  share  in  the  whole  meta- 
bolism is  taken  by  the  individual  constituents  of  the  cell,  with 
what  chemical  processes  in  the  historj'  of  the  biogens  the  nucleus 
and  the  protoplasm  with  their  specific  constituents  are  associated, 
our  discoveries  so  far  regarding  the  general  metabolic  relations  in 
the  cell  are  sufficient  to  enable  us  to  recognise  that  the  phenomena 
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of  change  of  form,  i.e.y  the  phenomena  of  growth,  reproduction, 
development,  and  hereditary  transmission,  may  also  be  derived  as 
mechanical  consequences  from  these  metabolic  relations. 

a.  Growth  as  the  Fundaviental  Phenomenon  of  Change  of  Form 

Graivth  constitutes  the  fundamental  phenomenon  of  changes  of 
form  in  organic  nature,  for  not  only  is  growth  of  the  cell  the 
simplest  case  of  change  of  form  in  general,  but  at  the  same  time, 
as  the  following  considerations  will  at  once  show,  it  contains  the 
internal  causes  of  the  more  complex  phenomena  of  cell-reproduc- 
tion and  development.  We  have  referred  elsewhere  ^  to  the  mode 
of  ^owth  of  living  substance.  We  know  that  there  are  molecules  in 
livmg  substance,  that  possess  an  extraordinary  tendency  toward 
polymerisation,  t.«.,  under  given  conditions,  by  continually  taking 
on  similar  groups  of  atoms,  they  endeavour  to  enlarge  and  to  form 
chains  of  many  similar  links.  We  have  become  acquainted  with 
such  polymeric  molecules  in  the  native  proteids.  It  is,  a  priori^ 
probable  that  the  so-called  living  proteids,  or  biogens,  likewise 
possess  this  property,  and  the  more  probable  because  there  is 
reason  to  assume  with  PflUger,  that  the  radical  cyanogen,  which 
tends  strongly  towards  polymerisation,  is  contained  in  the  biogen 
molecule.  Moreover,  the  fact  of  growth  requires  the  assumption  of 
polymerisation  in  the  biogen  molecule.  Growth  can  be  conceived 
only  as  a  process  in  which  a  biogen  molecule  attaches  to  itself  little 
bY  little  similar  groups  of  aton^^  from  thp.  rpftterials  of  the  environ- 
ment (food-stuffs) :  these  groups  then  proceed  in  the  same  manner 
to  attract  to  themselves  certain  atoms  from  the  environment  and 
place  them  in  similar  positions,  and  so  on. 

This  process,  which  is  here  pictured  in  a  uniform  substratum, 
goes  on  in  a  much  more  complex  manner  in  the  cell  whose  living 
substance  and  whose  metabolism  are  very  widely  differentiated. 
In  the  cell  the  constituents  of  both  the  nucleus  and  the  protoplasm 
with  all  their  special  differentiations  share  more  or  less  closely  in 
the  formation  and  the  growth  of  the  biogen  molecule.  But  with 
this  close  relationship  and  dependence  of  the  individual  constituents 
of  the  cell  upon  one  another,  it  is  easily  understood  that  the 
growth  of  certain  biogens  of  the  protoplasm  by  polymerisation 
is  only  possible  when  at  the  same  time  other  constituents  of  the 
protoplasm  or  of  the  nucleus  increase  in  a  definite  measure;  in 
other  words,  whenever  a  single  substance  of  the  protoplasm  or  of 
the  nucleus  grows,  other  substances  also  will  grow. 

It  is  important  to  consider  somewhat  fully  the  relations  that, 
with  this  close  correlation  of  the  individual  parts  of  the  cell,  are 
developed  by  growth.  For  example,  let  us  imagine  a  free-living, 
spherical  cell  which  has  at  its  disposal  in  the  surrounding  medium 

'  Cf.  pp.  305  and  486. 
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in  suftici^i :  quanlily  all  substances  neceBsai^'  to  its  life,  ami  let  ns 
assume  th<  L  the  cell  grows.  With  the  increasing  size  of  tho  ^1 
the  relatiQ  |  nf  Biii-fapj;  to  mass  wHIl  graduallychange;  aM«irding1u 
known  ma  hematical  laws  the  foimor  wi]|  jrn^w  in  ii>iiipa{^a<iti  with 
the  latter  i  n  the  proportion  of  the  st[iiarfi  to  tht;  culw!  In  othi« 
words,  the  tmaller  the  cell,  the  greater  is  the  surface  in  proportion 
til  the  mass ;  and  the  more  the  cell  grows,  the  less  does  tne  sur&ce 
grow  in  proportion  to  the  mass. 

This  simple  fact  is  of  fundamental  importance.  This  becomes 
at  once  clear,  when  it  is  reab'&ed  that  the  individual  part«  of  Uiv 
cell-bodyare  in  close  ro«taboiic  relations  to  one  another  wid  to  the 
external  wor'.' 
fi-om  the  outsii 
between  the  e 
come  about ;  ft 
ill  increases  le 
when  the  in| 
and  the  rosv 
internal  cell 
external,  \ 
in  the  formei 
■will  affect  not 
imcleus  will  reoe: 
plasmic  layer  Bun 
's  thin.     But,  V"  ■■ 


stuffs  and  the  oxygen  rfcciverl 

rows,  the  more  a  disproportion 

ia\  layers  of  the  cell-lxxiy  will 

rough  which  the  food  is  taken 

e  coTl-body,  the  time  will  come 

sufficient  for  tho  whole  body, 

•evident  in  the  fact  that  thti 

.         rishod  in  comparison  with  thu 

apidlyand  richly  in  the  latt^-r, 

.    ly  and  more  sparingly.     This 

,1  ,  but  also  the  nucfeus.     The 

jiAiibt    from  the  outside,  if  the  proto- 

.K  becomefi  gradually  thicker,  than  if  il 

i.ue  external  layers  of  the  cell  will  become 

iirovided  with  nuclear  substances  much  less  richly  than  the  internal. 
n  brief,  with  the  close  relationship  of  the  individual  parts  of  the 
cull  the  metabolism  must  undergo  profound  changes,  which  increase 
thi-  nioi-e,  the  more  the  cell  grows.  Hence, so  long  as  the  cell  con- 
tiniii's  to  grow,  at  no  time  is  its  metabolism  exactly  the  same  as  at 
the  preceding  and  the  following  intervals. 

This  important  consequence  from  the  fact  of  growth  contains 
within  itself  the  principle  of  all  development,  i.e.,  with  the  close 
metabolic  relations  that  exist  between  trie  individual  constituents 
uf  the  cell  and  of  the  medium,  the  fact  of  growth  is  aJonecompletely 
.■sufficient  to  lead  and  must  lead  to  all  the  changes  that  are  termed 
"  di.'vciopment. " 

It  follows  from  these  considerations  that  the  cell  can  never 
surpass  a  certain  size  ;  for,  if  the  disturbance  of  m^taboligpi  that 
iirisL's  because  of  the  increasing  dispro]>ortion  between  the  more 
superficial  and  the  deeper  layers,  h^^i  rr'iifrhfil  a  eprtain  extent,  the 

remarkable  fact  is  explained  very  sim])ty,  that  no  cells  of  constant 
form  are  known  that  are  larger  than  a  few  millimetres  in  diameter; 
!ind  thus  we  are  made  to  understand  why  the  development  of 
large  organisms  is  only  possible  by  the  arrangement  of  the  living 
substance  into  an  aggregate  of  small  cells,  instead  of  into  a  single 
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cell,  for  example  of  the  size  of  a  man.     At  the  same  time  it  is 
comprehensible  that  under  certain  circumstances  cells  whose  surface 
is  considerably  increased  in  proportion  to  their  mass,  such  as  the 
flat  leaves  of  Caulerpa,   or  those  cells  whose  protoplasm  is  in 
continual  circulation  between  the  surface  and  the  interior,  such  as 
the  Plasmodia  of  Myxomycetes,  are   capable   of  reaching   a  very 
considerable  size,  especially  when  by   multiplication  the  nuclear 
substance  presents  a  considerable  increase.     In  these  cases  the 
diflference  between  the  outer  and  the  inner  layers  of  the  cell-body 
cannot  develop  in  the  same  degree  as  in  compact  cells.     But  where 
the  cell-body  is  a  compact  mass,  where  there  is  no  active  streaming 
of  the  contents  toward  the  surface,  and  where  only  one  nucleus  is 
present  in  the  protoplasm,  the  cell  cannot  surpass  a  certain  size. 
It  therefore,  the  living  substance  of  such  a  cell  is  not  to  perish 
by  growth,  at  some  period  in  its  growth  a  correction  of  this  dispro- 
portion between  mass   and   surface   and   of  the   disturbance  of 
metabolism  conditioned  by  it  must  come  in ;  such  a  connection  is 
realised  in  the  reproduction  of  the  cell  by  division. 

The  reproduction  of  the  cell  by  division  is,  accordingly,  to  be 
considered  merely  as  a  result  of  growth,  and  the  morphologists  for 
a  lone  time  have  rightly  termed  reproduction  a  continuation  of 
powtn,  •*  a  growth  beyond  the  measure  of  the  individual." 
Unfortunately  our  knowledge  of  the  special  mechanics  of  the 
process  of  cell-division  is  thus  far  limited ;  but  it  is  to  be  expected 
that  a  comparative  physiological  investigation  of  the  well-known 
morphological  facts,  when  especially  directed  to  the  mechanical 
conditions,  as  they  are  realised  in  various  ways  in  different  forms 
of  cells,  will  yield  gratifying  results.  It  is  especially  important 
always  to  keep  in  mind  and  to  select  as  the  starting-point  of  the 
investigations  the  metabolic  relations  of  the  individual  parts  of  the 
cell  The  mechanical  results  of  the  metabolic  relations  between 
the  individual  parts  of  the  cell  and  the  medium,  are  fitted  to  throw 
8ome  light  upon  the  processes  of  cell -division,  many  of  which 
appear  wonderfully  complex.  The  most  important  factor  in  the 
explanation  of  the  mechanics  of  the  characteristic  figures  of  cell- 
and  nuclear  division  is  probably  to  be  found  in  the  mechanical 
movements  caused  by  the  chemical  relations  between  the  individual 
parts  of  the  cell ;  among  these,  diffusion-processes  and  changes  of 
the  cohesion  and  sur&ce- tension  of  different  cell-elements  play  a  pro- 
minent rdle.  Some  time  ago  Btitschli  ('  76)  expressed  the  view  that 
the  radiating  figure  that  is  formed  in  the  protoplasm  about  the  cent- 
roaome  in  nuclear  divison  is  an  expression  of  diffusion-processes 
aqaijil^  hetween  th^  oentrosome  and  the  protoplasm;  and  later 
{'92,3)  he  showed  that,  when  warm  gelatine-foams  poured  upon  a 
glass  plate  dry  and  coagulate,  radiation-phenomena,  exactly  like 
those  of  the  karyokinetic  figure,  are  caused  by  the  traction  of 
the  contracting   air  about  the  air-bubblos    (Fig.  2(52).     It  may, 

M   M   2 


therefore,  be  supposed  that  the  radiation  that  forms  about  the 
centrosome  likewise  has  its  origin  in  the  traction  existing  between 
the  centrosome  and  the  foamy  protoplasm,  and  that  this  traction 
is  derived  from  the  chemical  relations  and  diffusion-processes  that 
develop  between  the  two  cell-constituents,  But  only  a.  systematic 
and  comparative  investigation  of  these  processes  \vill  be  able  to 
make  this  supposition  a  certainty.  The  mechanical  theories  of 
cell-  and  nuclear  division,  which  M.  Heidenhain  (' 94, '95, '96), 
Driiner  (' 94).  Rhumbler  (' 96, '  97),  and  others  have  very  recently 
put  forward,  are  so  contradictory,  incomplete  and  full  of  hypotheses, 
that  at  present  it  is  quite  impossible  to  say  anything  certain, 
except  of  the  most  general  nature,  concerning  the  mechanics  of 


eiiiliry.,,     IS,  HiullnlK'u  nbiiiit  tiro  alr-biiljtiLiiK  la  >  KSlatlne  foiini  fibicb  «u  i.i>iwul>t«d  br 
mtniii  dI  chromli:  ncLd.    {After  phutogra|>bs  by  BUtschll.) 

these  complex  events.  Before  all  else,  as  R.  Fick  ('  97)  very  cor- 
rectly emphasises,  their  molecular-physical  relations  must  be  given 
much  more  careful  attention  ;  thus  far  Bliumbler  alone  has  done 
this  properly  and  to  a  considerable  extent.  Further,  it  will  be  of 
essential  importance  in  such  an  investigation  to  start  from  the 
simplest  forms  of  nuclear  division,  i.e.,  from  the  so-called  direct 
nuclear  division,  in  which  there  are  no  complicated  figures.  The 
lengthening  and  simple  constriction  of  the  nucleus  giving  rise  to 
two  nuclei  is  a  simple  mode  of  increase  of  the  nuclear  surface,  the 
mass  remaining  the  same  :  and  the  subsequent  constriction  of  bh« 
protoplasm  has  the  snme  significance  for  the  cell-body-  It  ia  the  ' 
simplest  form  of  a  correction  of  the  disproportion  arising  between 


THE  MECHANISM  OF  LIFE  533 

_  nrface  and  mass  with   continued  growth,  and  ought  to  offer  rela- 
tivelv  the  least  diflicullies  to  a  mechanical  explanation. 

With  the  division,  of  the  cell  into  two  independent  cells,  the 

relation  of  surface  to  mass  in  the   two   latter  ia  very  different 

from  thiit  existing  in  the  large  cell  before  division.     The  result  is 

that  the  metabolic  relations  will  again  change,  and  eiich  cell  will 

assume  the  same  condition  which  the  mother-cell  had  when  it 

Mtee  by  division  and  began  to  grow  into  an  independent  individual. 

I  Thus,  from  one  cell-division  to  another  the  same  cycle  of  changes, 

vvhich  is   conditioned  by  the  groivth  of  the   cell-body  and   the 

V&tnrbance  in  the  metabolism  caused  thereby,  repeats  itself.     If 

^hese  changes  are  slight,  they  will  not   be  especially  noticeable 

tatwardly,  except  in  an  increase  in  size.     Most  cells  are  like  this, 

I  they  simply  grow  and,  when  they  have  reached  a  certaiji 

divide.      Where,  however,  the  disturbances  in  metabolism 

rable,  they  will  be  expressed  also  in  a  change  of  the 

m  of  the  cell-body,  constituting  a  typical  development. 

nmber  of  free-living   unicellular  organisms  show  this, 

Uiose  whose  celUbody  in  division   breaks  up,  not  into 

,  but  into   a    larger  number  of  parts,  or  spores.     The 

I  size  between  the  spore  and  the  adult  infusonan  is, 

)r  considerable.    Hence  the  differences  in  the  metabolism 

s  vet}'  considerable,  and  a  somewhat  long  development 

I  before  the  spore  becomes  an  adult. 

le  development  of  the  cell,  the  periodic  return  of  one  and 

p'cycle  of  forni-ehanges  from  one  cell-division  to  another, 

T  spore- formation   to   another,  is  seen   to   be   a   simple 

I  of  changes  in  the  cetl-mctabolism  that  are  caused  by 

During    growth     with   the    close    correlation     of    all 

raf  the  cell  with  one  another  and  the  constituents  of  the 

edium,  innumerable  other  factors,  both  chemical  and  physical, 

iost  appear,  and  these  must  combine  with  one  another  to  assist 

Mnid  promote  the  form-changes.     But  as  the  fundamental  cause  of 

■«1)  ttiese  changes  no  other  factor  than  growth  need  be  assumed. 

■  Ilslone  suffices  to  explain  their  periodic  character. 

b.  Devclopvitntal  Mechanics 

A  "luestion  that  has  reference  to  the  development  of  the  niulti- 
Wlalar  organism  from  the  ovun)  by  continued  division  has  recently 
become  the  focus  of  active  discussion.  It  is  this: — How  does  the 
Sfiaon  of  a  cell  into  two  unequal  parts,  a  circumstance  that  forms 
Jhe  fandamental  condition  of  the  development  of  every  differen- 
piated  cell-community,  come  about  ?  This  question,  which  is 
'undamentally  important  in  an  imderstanding  of  the  development 
'  all  higher  organisms,  is  answered  in  two  ver}'  different  ways. 
The  view  of  one  class  of  investigators  follows  the  theorj'  of  His 
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t'74)  regarding  "  organ -forming  ge  mi -regions."  Roux  {'95)  and 
Weismann  ('92, 2)  are  the  latest  defenders  of  this  view,  which  affirms 
that  different  areas  are  present  in  the  epfg.  which  in  continued 
LbviMon  aru  IKlHgfgWgll  lf>  fllH^ffrnl  c^lls,  and  each  one  of  which 
affdWia  ttlU  inatljrliH  I6t  the  development  of  very  definite  tissues 
imd'orgaris.     In^ther  words,  tbe  nioiments  ot  ttie  different  parts 

(of  the  body  of  the  adult  oi^nism  exist,  separate  from  one  auother, 
in  different  parts  of  the  egg.  The  chief  supporta  of  this  view  are 
the  results  of  the  experiments  that  Koux  has  performed  upon  the 
frog's  egg,  in  which  he  observed  that  after  artificial  destruction  of 
one  of  the  first  two  cleavage-cells,  from  the  other  at  first  only  half- 
embryos  developed,  i.e.,  embryos  in  which  one  half  of  the  body  was 
wholly  wanting,  this  half  being  capable  of  development  later  by 
"post-generation,"  as  Roux  expresses  it  In  contrast  to  this  is  the 
view  of  another  class  of  expenmenters,  especially  Pflllger  ("83,  '84), 
0.  Hertwig  {'92.  '93),  and  Driesch  ('92, 93),  who  deny  the  existence 
i>f  organ- tor ming  germ-regions,  and  believe  that  the  differenti- 
ation of  the  homogenous  egg-cell  into  the  various  kinds  of  cells  is 
brought  about  solely  by  the  influence  of  ejtternal  faetoi-s  unon  the 
vanous  substances  contained  in  the  egg.  Thus,  in  eggs  like  that 
of  the  frog,  which  contain  suhsMnces  of  different  specific 
gravities — in  the  frog's  egg  there  is  a  white  substance  that  i» 
richer  in  yolk  and  a  pigmented  substance  that  is  richer  in 
protoplasm — gravity  acts  in  such  a  manner  as  to  lead  to  polar 
differentiation,  so  that  the  heavier  substance  comes  to  lie  below,. 
the  lighter  above,  and,  when  the  egg  is  turned,  the  substances  move 
correspondingly.  At  the  first  division  of  the  frog's  egg,  the  polar- 
differentiated  cell  becomes  divided  by  a  vertical  groove  into  twtf 
(^nal  halves,  each  of  which  contains  white  substance  and  black 
substance  equally.  But  when  PflUger  put  frogs'  eggs  into  aB 
abnormal  position  and  fixed  them  there,  the  eggs  in  cleavagej 
frequently  segmented  into  two  unequal  parts,  one  of  which' 
contained  pre-eminently  the  light,  the  other  tne  dark  mass;  never* 
theless,  normal  larvie  developed.  The  contents  of  the  e^  _^^ 
therefore,  not  be  so  differentiated  beforehand,  that  from  each  part 
certain  organs  only  can  develop;  on  the  contrary,  the  different  arenf 
in  the  egg  must  be  wholly  similar  as  regards  development.  Th« 
fact  observed  by  Hertwig  speaks  a  priori  in  favour  of  this  vieVj 
namely,  that  even  single  small  pieces  of  the  ovum,  if  they  an 
capable  of  life  and  are  fertilized,  develop  into  whole  individuals 
Moreover,  in  opposition  to  the  observations  of  Roux,  Driesck 
discovered  in  tne  eggs  of  sea-urchins  that  from  each  of  the  fini 
two,  four  or  eight  cleavage-cells,  when  he  had  isolated  them  from 
one  another  by  shaking,  complete  individuals  always  developed* 
which  were  distinguished  from  normal  ones  by  their  small  siia 
only  i  this  fact  has  since  been  confirmed  by  numerous  observen 
upon  various  species  of  animals,  among  others  by  0.  Hertwig  upon 
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Boux's    own   object,    the   frog's   egg.        That   definite   parts   or  ' 

organs  of  the  embryo  do  not  develop  from  single  cleavage-cells  / 

ansing  by  the  division  of  the  ovum,  Driesch  and  Hertwig  were  able  :  1 

to  show  by  continuing  in  a  different  way  the  experiment  performed  .  i 

by  Pfliiger.     They,  like  Pfluger,  clamped  frogs'  eggs  between  two  \ 

pass  plates  in  such  a  way  that  the  cells  arising  in  division  were  .  | 

able  to  arrange   themselves  in   one  plane  only  instead  of  in   a  \ 

spherical  mass,  so  that  they  were  abnormally  placed  with 
reference  to  one  another.  Notwithstanding  this,  completely  normal 
embryos  developed  from  them.  From  this  fact  the  conclusion  must 
necessarily  be  drawn  that  the  individual  cells  arising  in  cleavage 
do  not  represent  definite  rudiments  of  organs,  and  that  no  organ- 
brming  germ-regions  can  be  present  in  the  ovum. 

To  summarise  briefly  the  contrasts  that  are  expressed  in  these  two 
wholly  opposed  theories,  the  idea  of  Weismann  and  Roux  is  e^cn- 
tially  the  old,  more  or  less  clearly  expressed  doctrine  of  preformation 
of  the  time  of  Haller,  in  somewhat  modem  garb,  while  the  view  of 
Pfliiger,  Hertwig,  and  Driesch  represents  the  standpoint  of  the 
doctrine  of  epigenesis  of  Caspar  Friedrich  Wolflf,  which  Haeckel, 
more  than  all  others,  has  constantly  maintained  with  great 
persistence  in  the  later  embryology.  As  thus  contrasted,  the  two 
doctrines  are  incompatible  with  one  another.  There  can  be  no 
doubt  that  the  facts  are  adverse  to  such  a  very  minute  preformation 
of  oigan-forming  germ-regions  in  the  oggy  as  especially  Weismann 
and  De  Vries  ('89  )  have  assumed.  The  two  facts,  first,  that  small 
pieces  of  an  egg-cell  and  isolated  halves  and  quarters,  formed  in 
deavage,  produce  a  normal,  complete  organism  of  a  correspondingly 
small  size;  and,  secondly,  that,  when  the  cleavage-cells  are 
displaced,  animals  develop  with  their  organs  in  a  completely  normal 
position, — these  fects  prove  that  the  different  parts  of  the  egg-cell 
must  be  of  absolutely  equal  value  in  the  production  of  the  eel  Is,  tissues 
and  organs  proceeding  from  them,  and  that  we  are  not  justified  in 
speaking  of  a  localized  preformation  of  definite  nidiments  in  the 
egg;  it  makes  no  difference  whether  we  assume  10,  100,  or  1000 
rudiments,  as  Roux  does,  or  several  billions.^     While,  further,  the 

*  Since  Koaz  has  protested  against  being  reckoned  among  the  preformatiouists, 
where  he  has  been  placed  not  only  by  myself,  but  by  many  (I  think  most)  investi- 
plian  belonsing  to  his  special  neld,  in  order  to  do  him  no  injustice  I  ought 
■K  to  leave  his  protest  unmentioned.  But,  at  the  same  time,  I  nnist  say  that 
Bpoothe  hasifl  of  nis  own  work  I  have  not  1>een  able  to  alter  my  foregoing  ju(lgment 
ttd  to  accept  his  explanation.  Since,  as  Roux  himself  acknowledges,  '*  there  are 
it  nesent  few  authors  who  know  my  [his]  views  clearly,"  in  onler  to  give  the 
moerUieopportunity  of  an  independent  judgment  concei-ning  them,  I  will  (juote 
Ittiownworas,  in  which  his  standpoint  is  stated.  In  Virchoirs  Arrhiry  vol. 
ni»,  1888,  as  well  as  in  the  Verhatuliuiif/tn  rU.r  nuntomim'hcn  Otiftllxchuff  n\if  dcr 
ftdiiUh  VerMtmmluntj  in  Witn^  181>2,  Roux  summarises  the  results  of  his  experi- 
ne&ts  and  specalations,  and  explains  that  *' cleavage  divides  quantitatively  the 
pvtdf  the  germinal  material  that  accomplishes  the  direct  development  of  the  in- 
aiiidiul,  especially  the  nuclear  material,  and,  by  means  of  the  arrangement  thus 
Uide  of  the  various  separate  materials,  determines  at  once  the  position  of  the  later 


GENERAL  PHYSIOLOGY' 


theory  of  Weisuiaiin  (ind  Roux  w^eks  in  the  egg  the  causes  of 
the  origit)  of  differentiated  daiighter-cells  from  the  cleavage,  the 
idea  of  Pfliiger  and  Hertwig  finds  the  causes  pre-eminently  in 
factors  acting  from  outside  upon  the  cells.  While,  according  to  the 
one  view,  cells  divide  into  unlike  products  from  internal  causes, 
according  to  the  other,  external  factors  essentially  produce  the 
unlikeness  in  continued  division.  Doubtless  both  views  are  correct 
in  this  riiiMpect,  and  here  is  a  jxiint  where  a  reconciliation  is  possible. 

From  the  above-developed  idea  of  the  mechanism  of  the 
development  and  reproduction  of  the  individual  cell  upon  the 
basis  of  the  metabolic  changes  arising  because  of  growth,  it  is 
evident  that  internal  and  external  causes  of  form-changes  cannot 
be  separated  from  one  another.  The  whole  process  of  producing 
and  changing  form  is  a  compromise,  a  correlation  of  factors  lying 
within  and  without  the  cell.  Because  the  cell  aa  a  result  of  the 
characteristic  quality  of  its  living  substance  has  the  pn>perty  of 
taking  in  substances  from  the  outside  and  of  giving  out  suDBtance§ 
to  the  outside,  the  elementarj'  vital  proceas,  the  metabolism, 
represents  a  compromise  between  the  internal  and  the  external 
factors,  without  which  the  life  of  the  cell  is  impossible.  But, 
since  with  otherwise  uniform  external  conditions  the  cell  grows 
a  result  of  the  composition  of  its  living  substance,  the  relations 
with  the  external  factors  become  changed,  so  that  the  latter  now 
act  in  a  manner  different  from  before.  Thus,  at  every  moment  of 
time  a  different  compromise  is  effected  between  the  cell  and  the 
medium,  between  the  internal  and  the  external  factors,  the  ex- 
pression of  which  is  the  change,  the  development,  and  finally,  the 
reproduction  of  the  cell.  Hence  it  is  clear  that  the  change  of  the 
cell,  or  the  variation  of  the  products  of  its  division,  is  not  dependent 
solely  upon  its  internal  character, or  the  external  factors ;  development 
and  repritductioii  are  an  ejyression  of  changes  in  the  metabolic  relatumi 
between  cell  nnd  medium,  condilioned  by  growth. 

The  fundamental  distinction  between  a  single  free-living  cell 
and  an  egg-cell  developing  into  a  cell -community  consists  whollj 
in  the  fact  that  the  daughter-cells  arising  by  the  division  of  the 
unicellular  organism  become  separated  from  one  another  immedi-' 
ately  after  the  division,  while  m  the  development  of  the  egg-cell 
the  daughter-cells  that  arise  in  segmentation  remain  in  connectioB 
with  one  another.  In  the  unicellular  organism,  therefore,  the 
correlation  between  cell  and  medium  always  passes  through  the 
same  short  cycle  of  changes;  in  the  division  of  the  eggKMllf, 
however,  this  correlation  changes  in  an  entirely  new  way  wjtjli 
each  of  the  almost  innumerable  divisions.  Hence  it  happens  that,, 
(liSerentiated  organs  of  the  embryo."  "  His's  principle  of  organ -forming 
regions  is  here  applicable ;  it  haa  been  here  demon Bt rated  lh«.t  guitrulati 
moaaio  work."  From  tbis  the  reader  whuiefamiliiir  with  the  ideu  of  [  * 
and  epigeneais  trill  pasilybc  able  to  decide  for  himself  in  how  far  Roui 
ihationiat  nnd  in  bow  far  not. 


rhile  the  iioieellular  organism  needs  to  undergo  either  a  scarcely 
Tceptihie  development  or  only  a  short  cycle  of  changes,  the 
jg-cell  must  pass  through  an  exceedingly  long  series  of  form- 
£angea  up  to  tne  development  of  the  multicellular  organism.  As 
[Towth  in  the  multicellular  organism  gradually  ceases,  the  cells 
Hodergo  constantly  fewer  form-changes,  and  many  tissue-cells,  e.g., 
Ae  ganglion-cells,  many  of  which  do  not  grow  at  all  in  the  adult 
fi^;antsm,  remain  apparently  wholly  unchanged,  neither  dividing 
DOi  differentiating  forther.  In  reality,  however,  as  has  been  seen 
pbewhere,'  general  development  never  ceases  wholly  until  the  time 
tf  death,  but  the  later  changes  occur  so  very  slowly  and  are 
nUlively  so  slight,  that  they  are  perceived  only  within  long 
■intervals  of  time.  In  this  apparently  stationary  condition  the 
Itaeue-cells  are  similar  to  those  unicellular  organisms  that 
lave  no  perceptible  development :  in  both,  the  correlation  between 
tile  internal  and  the  external  factors  changes  imperceptibly,  in  the 
lUEUe-cells  proceeding  slowly,  and  in  the  unicellular  organisms 
leing  slight  and  constantly  returning  to  its  starting-point. 
In  neither  are  essential  changes  of  form  observed. 

From  these  considerations  it  appears  how  incorrect  it  is,  from 
the  fact  that  the  small  egg  is  dillei-entiated  into  a  cell -structure 
y  astonishing  complexity,  to  deduce  the  idea  that  the  living 
abstance  of  the  former  in  comparison  with  that  of  every  other 
Wll,  either  every  unicellular  organism  or  every  tissue-cell,  must 
ie  distinguished  by  an  inconceivably  delicate  and  complex 
itructure.  This  idea,  which  is  met  with  very  frequently,  is 
ly  an  unrecognised  relic  of  the  doctrine  of  preformation 
d, as  has  been  seen,  is  both  unnecessary  and  unjustified;  for 
Ibe  development  and  differentiation  of  the  cell-community 
fiuin  the  egg  are  based  solely  upon  the  correlation  between  the 
firing  substance  of  the  cells  and  the  external  factors,  which  is 
continually  changing  with  the  continual  growth  and  division  of 
"le  cells.  Growth  is  the  cause  of  all  development,  both  of  the 
idividual  coll  and  of  the  whole  cell-community,  and  this  fiinda- 
lental  fact  can  scarcely  be  expressed  better  than  in  the  words  of 
le  old  master  of  embryology,  Karl  Emst  von  Baer  ('28),  who 
int  stated  the  most  general  result  of  his  studies  upon  the  em- 
byology  of  animals :  "  The  devdopmmtal  history  of  the  individwil 
U  tht  Kiiiory  of  the  grmcing  individualily  in  all  it^  relations." 

A  siimmar}'  of  the  above  considerations  regarding  the  mechanics 
4f  development  leads  to  the  following  view.  The  developing  cell, 
\  fike  eveiy  cell,  represents  a  drop  of  living  substance,  which  is 
'(hvactensed  by  a  very  definite  metabolism.  This  metabolism  is 
tile  expression  of  the  correlation  existing  between  the  medium 
wtb  i^'individual  factors  upon  the  one  side,  and  the  cell  with  its 
ttuiifold  internal  differentiations  upon  the  other.  By  the  growth 
'  C/.  p.  3.19.  < 
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%jif  Uiv-  M*U.  the  iHirrelntion  between  it  and  the  medium  necessaritr 
^>twut}^^  bMAUSG  the  relation  of  the  surface  and  the  \nasa  of  the 
Uviu^  »«b«t«noe  is  gradually  altered.  As  a  result  of  this  there  is 
»W>  »  ohaiige  in  the  metabolism.  In  other  words,  there  is  in  the 
i^'w  itiif  ptflTft  continual  succcasion  of  different  metabolic  conditions 
fwwiini;  a  veiygtwllliU  tlHIIHiLiUH.  tjvery  silLijliMing  codJUiod 
NwidTlffJ  mressaniy  irora  tbe  preceding  one.  Since  here,  as 
wvi'i-j'vvluTt'  I'tse  in  the  physical  world,  form  is  among  other  thinga 
A  fimi'tion  of  matter,  it  is  thus  made  clear  that  with  a  change  of 
iiu-t«b«>liem  the  form  of  the  cell  under  certain  circumstances  will 
tiUtt  change,  and  thus  a  continual  succession  of  different  form-eon- 
ililions  goes  hand  in  hand  with  the  succession  of  different  metabolic 
oimditioiiH,  in  other  words,  there  is  a  development.  It  follows 
from  this  that  the  development  of  the  cell  is  a  real  epigeoesis 
in  the  sense  of  Caspar  Friedrich  Wolff,  i.e.,  a  succession  of  con- 
stantly new  forms,  and  not  a  more  distinct  appearance  of  already 
preformed,  but  hitherto  imperceptible,  structural  differentiations 
of  the  living  substance.  According  to  the  extent  of  tbe  changes 
in  the  correlation  between  medium  and  cell  the  change  of  form 
will  be  expressed  in  one  case  less,  in  another  case  more  strongly ; 
it  will  be  most  pronounced  where,  as  in  the  development  of  the 
cell -community  of  plants  and  animals  fi-om  the  egg,  the  cells 
dividing  as  a  result  of  growth  remain  in  connection  with  one 
another  and  act  upon  one  another,  in  other  words,  where  the 
relations  between  cell  and  medium  change  rapidly  and  continually. 

c.  StTticture  and  Liquid 

.Special  importance  has  been  attached  elsewhere  to  the  fact  that 
living  substance  possesses  the  essential  properties  of  a  liquid.  In 
I  he  production  of  form  another  factor,  namely,  structure,  plays  an 
im)M>rtant  r6le.  Since  at  first  sight  it  might  appear  as  if  structure 
unil  a  liquid  state  are  mutually  exclusive,  it  will  he  advantageous 
l<i  cxanime  briefly  this  question.' 

If  by  structure  there  is  understood  a  definite  mutual  relation  of 
the  smiiUest  particles  of  which  a  substance  is  composed,  the  fiinda- 
iiu'utal  requisites  of  the  inauguration  of  structure  are  the  mutual 
iittniction  and  grouping  of  definite  particles.  We  can  speak  of 
structure  only  where  certain  particles  attract  one  another  and 
become  grouped.  This  requirement  is  fulfilled  not  merely  in  solid 
bodies,  but  in  a  certain  measure  in  liquids,  for  in  liquids  also,  as 
cohesion  shows,  the  individual  parts  attract  one  another.  The 
difference  in  the  structure  of  liquids  and  solids  is  in  reality  a 
gniduiil  one,  depending  wholly  upon  the  degree  of  consistent ; 
imperceptible  transitions  exist  between  the  two  states.  ite 
difference  between  them  consists  essentially  in  the  fact  that 
'  CJ.  Verwom('e7). 
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i_^=^    more    solid    a    body    is,    the    less    its    molecules    are    in 
j^^::»lioii.     Motion  is  least  in  the  hardest  bodies,  and  greatest  in  the 
i-^i.3ine8t  liquids ;  in  the  latter  the  intensity  of  the  motion  is  almost 
c:— '■jal  to  that  in  gases,  which,  as  is  well  known,  is  so  great  that  the 
^;^^r>\eca\ea  repel  one  another.     Between  the  two  limits  of  very  thin 
^<:^uids  and  very  hard  bodies  the  solidity  of  the  stracture  varies, 
^^•couung  greater  the  harder  the  body  is.     There  is,  in  fact,  a  cer- 
;^j».in  molecular  structure  in  every  simple  solution.     If,  e.g.,  a  crystal 
[-y^  pure  salt  be  put  into  a  vessel  containing  distilled  water,  after 
j^jC^me  time  it   dissolves,  and   the  molecules  of  the   salt   become 
^(.CTatlered  by  ditfusion  uniformly  throughout  the  liquid,  so  that  in 
^-*ery  volume  of  the  latter,  even  the  most  minute,  the  same  per- 
«::;£ntAge  of  salt  molecules  is  contained.     In  other  words,  an  attrac- 
tion between  the  molecules  of  the  salt  and  those  of  the  liquid  tajtes 
-rtlsce,  and  about  every  one  of  the  former  is  grouped  a  certain 
oauiber  of  the  latter.     The  only  difference  as  regards  this  grouping 
*>T  structure  between  the  mobile  liquid  and  the  solid  body  is  that, 
during  the  active  molecular  niotiwi  in  the  liquid,  molecules  are 
coDtinually  being  drawn  away  from  their  groups  and  replaced  by 
otbeis,  so  that  the  structure  is  continually  being  destroyed  and  re- 
fgrnied :  white  in  the  solid  body,  where  the  motion  of  the  molecules 
is  slight,  the  structure  can  exist  for  a  long  time  undisturbed.     This 
continual  reformation  of  structure  in  the  liquid  is,  however,  of 
luadanientiil  importance  to  living  substance,  tor  only  where  there 
js  a  possibility  of  continual  oiitgo  and  income  of  molecules  can  a 
■□elabolism  exist,  and  without  this  living  substance  is  inconceivable. 
I      But  this  continual  change  of  molecules  does  not  hinder  the  con- 
tinual appe.amnce  of  differentiations  of  form  in  certain  places  re- 
suiliiig  from  molecular  and  atomic  groupings  in  the  living  substance. 
JuMt  as  a  stream  of  w^tgr  or  n   ^as  flainp^  can_maintajji  a  very 
rtenuite  foiTn.  although  at  no  two  successive  moments  do  the  same 
mclecules  produce  that  form,  so  living  sulataiice,  in  spite  of  its 


iiquid  nature,  can  show  certain  continual  differentiations  of  form. 
which  exist  so  long  as  tne  causes  tor  ihe  definite  grouping  of  the 
molecules  and  atoms  remain  the  same. 

This  consideration  isof  great  importance, for  it  enables  us  to  under- 
stand the  general  phenomena  of  the  construction  of  form  in  living 
iiubslance,  The  apparent  paradox  that  living  substance,  although 
its  components  are  undergoing  continual  change,  can  possess  in 
tuany  cases  a  constant  and  often  extraordinarily  complex  form,  is 
at  once  explained.  Let  us  imagine  a  cell  that  possesses  various 
kinils  of  differentiations,  for  example,  the  flagellate  infusorian 
Poterifitlnulron.  which  besides  its  nucleus  is  provided  with  a  tiagellum 
»Dd  u  contractile  myoid-fibre  (Fig.  263).  In  each  of  its  individual 
differentiations  the  particles  are  airanged  in  a  specific  manner,  in 
the  nucleus  differing  from  that  upon  the  surface  of  the  protoplasm, 
in  the  flagelium  differing  from  that  in  the  myoid-fibre.     Never- 


GENERAL  PHYSIOLW 

tholfss,  from  all  these  individual  differuutiations  atoms  and  grou|» 
of  Atoms  pass  out  contiDually  in  definite  directions,  and  into  them 
new  atoms  and  moleciiles  enter  continually,  so  that  the  structure 
is  continually  being  destroyed  and  rebuilt.  There  is,  therefore,  a 
continual  stream  of  matter  which  ramifies  into  the  various  differ- 
entiations in  an  extremely  complicated  way  and  possesses  a  veiy 
different  composition  in  its  different  parts.  This  stream  of  matter 
is  the  expression  of  the  complex  metabolic  relations  between  the 
individual  parts  of  the  cell-body,  and  it  is  the  direct  condition  of 
the  very  definite  and  peculiar  form  of  the  cell  in  question.  The 
structure  is  able  constantly  to  re-establish  and  maintain  itself,  only 
when  certain  atoms  are  at  the  necessary  place  at  the  right  time. 
If  the  stream  of  matter  ceases,  the  molecules  disintegrate,  and  the 
definite  grouping  is  dissolved.  So  long,  however,  as  the  stream  of 
matter  is  uninterrupted,  the  individual 
molecules  and  atoms  take  up  by  attraction 
the  necessary  particles,  and  the  structure 
continues  to  exist.  If  the  stream  of  matter 
changes  in  the  direction  and  composition 
of  its  particles,  the  fonn  of  the  cell  and 
its  differentiations  must  change  also,  and 
there  is  a  development 

We  have  already  found  the  comparison 
<>(  vital  phenomena  with  a  fiame  very  per- 
tinent in  many  respects.  This  simile  is 
also  adapted  to  make  clear  in  an  especially 
striking  manner,  the  relation  between 
form -construction  and  metabolism.  The 
butterfly  figure  of  a  gas-flame  has  a  very 
characteristic  differentiation  of  form.  At 
the  bottom  immediately  above  the  slit  in 
__  the  burner,  there  is  complete  darkness ; 
above  it  there  is  a  blue  zone,  only 
J5^1y  luminous;  and  above  that  upon  each  side  the  bright 
luminous  surface  is  extended  out  on  both  sides  like  the  wings  of 
ji  butterfly.  This  peculiar  form  with  its  characteristic  differentia- 
tions, which  continues  to  exist  so  long  as  the  position  of  the 
gOH-cock  and  the  surrounding  conditions  are  not  changed,  depends 
solely  upon  the  fact  that  in  the  individual  parts  of  the  fiame,  the 
grouping  of  the  molecules  of  illuminating  gas  and  oxygen  is  very 
definite,  although  the  molecules  themselves  change  at  every 
interval.  At  the  bottom  of  the  flame  the  molecules  of  illuminat- 
ing gas  are  pressed  together  so  closely  that  the  oxygon  necessoi; 
for  their  combustion  cannot  come  m  between  them,  and  as  a 
result  of  this  there  is  here  complete  darkness.  In  the  bluish 
zone  some  molecules  of  oxygen  are  combined  with  those  of 
illuminating  gas.  and  the  result  is  a  feebU  light.     In  the  large 
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Bat  iJame,  however,  ihe  molecules  of  illiiniiDating  gas  are  in  such 
linumerical  relation  to  those  of  the  oxygen  of  the  air  that  active 
wmbustion  takes  place.  The  change  of  the  substance  of  the 
flame  through  the  incoming  gas  and  the  surrounding  air  is,  how- 
ever, so  regulated,  that  at  the  same  place  the  same  kinds  of 
molecules  constantly  come  together  in  the  same  number.  As  a 
Molt,  the  same  form  of  flame  with  its  differentiations  is  niain- 
Bined  continually.  But  if  the  stream  of  matter  be  altered  by 
letting  less  gas  pass  out,  the  form  of  the  flame  also  changes, 
bct&UBe  DOW  the  mutual  position  of  the  molecules  of  illuminating 


s  and  of  oxygen  is  chauged.  It  is  thus  seen  that  such  a  flame, 
.en  in  its  details,  presents  exactly  the  same  conditions  that  we 
•ve  found  to  be  important  in  the  construction  of  the  cell-form. 

Another  interesting  group  of  phenomena  of  form-construction 
i>  at  once  clear  from  this  point  of  view,  namely,  the  phenomena 
_rf  MjMKTOiMMt.  If  a  cell— best  an  infusorian  cell  that  is  provided 
firith  very  characteristic  differentiations  of  its  surface,  such  as  the 
Id^licate  SUiUor  Beeselii — be  cut  into  two  pieces,  so  that  each  con- 
Ituns  a  part  of  the  nucliius  and  hence  possesses  the  value  of  n 
Pidl,  in  a  short  time,  as  has  been  seen  elsewhere,'  each  of  the  two 


pieces  regenerates  the  parts  lacking  in  it.  The  wounds  close, 
and  the  lower  part  of  the  cell  at  once  arranges  it  substanct^  sii 
that  a  new  peristome  appeal's  with  the  characteristic  spiral  of 
cilia  and  a  mouth-opening,  while  the  upper  part  becomes  extended 
so  that  a  new  foot-piece  is  developed,  with  which  the  new  .Slten/or 
attaches  itself.     Thus,  in  a  short  time  by  the  deposition  of  particles 


1 


from  the  interior  of  the  body  at  the  place  of  the  wound,  a  coiupleCc 
Stem&r  is  developed  from  each  piece  (Fig.  264).  This  fact  of  re- 
generation is  now  very  easily  understood.  Since  in  the  process  of 
differentiating  organised  cell-forms  every  particle  attracts  and 
holds  fast  other  specific  particles  and  upon  the  withdrawal  of  the 
latter  in  metabolism,  at  once  attracts  and  holds  corresponding 
particles  again,  so  in  regeneration  the  particles  existing  at  the 
wound,  which  are  separatetl   from  their  neighbours  by  thf  cut, 


must  innnediatoly  attract  and  attach  to  themselves  corresponding 
particles,  if  they  are  obtainable.  Since,  however,  in  such  a 
division  of  the  body  metabolism  experiences  no  fatal  disturbanci;, 
the  necessary  particles  are  stiil,  as  formerly,  brought  in  by  the 
stream  of  matter,  and  can  attach  themselves  to  the  others  as  the 
puculiar  quality  of  ejich  one  demands.     But  if  the  metabolism  has 
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Ik«d  irrenieiiiably  injuitnl  in  the  division,  regeneratitm  is  no 
longer  possible,  because  the  necessary  molecules  and  atoms  are 
jwiunger  produced  and  brought  to  the  necessary  place.  Hence 
4  universal  and  funriamcntal  fact  that  non-nucleated  pieces  of 
a.cell,  i.e.,  pieces  into  which  a  fatal  disturbance  of  metabolism  has 

me,  do  not  regenerate  lost  parts,  although  under  certain  circum- 

inceE  they  are  able  to  live  for  da^'s. 

One  phenomenon,  which  some  years  ago  appeared  very  puzzling, 
j»  approximately  explained  by  the  fact  of  structures  in  the  celT- 
jntoplasm.  This  is  the  formation  of  very  regular  siUcious  and 
cofcareous  skeletons,  ospecially  in  the  delicate  Radiolaria,  Foramini- 
jifB,and  sponges.  F.  E.  Schulze,  ('87)  called  attention  to  the 
iuA  that  the  fonuation  of  triradiate  and  qnacbi radiate  spicule* 


:  265,  //),  which  play  so  great  a  role  in  the  silicious  and 

^^^  kreous  skeletons   of  sponges,  must  take  place  when  several 

hericol  bodies  are  in  contact  with  one  another  and  a  akeleto- 

uns  substance,  such  as  calcium  carbonate  or  silicic  acid,  is 

leted  into  the  fine  spaces  between  them  (Fig,  265,  /).      Lately 

eyer  ('92)   has  extended   the   same   idea    to    several    special 

imples,   and   has  shown    how    various    and    often    extremely 

iplex  skeletal  parts,  especially  in  the  Sadiolaria,  may  easily 

i  traced    to   the   excretion   of  skeletogenous  substance  in  the 

nloplasmic  walls  of  a  vacuolar  layer  (Fig.  266).     Thus,  according 

)  the  form  of  the  vacuoles,  tTie  thickness  of  their  walls,  the  place 

i  which   the  secreted   skeletal  substance  is  deposited,  and  its 

_u*ntitj',  a  great  variety  of  skeletal  forms  must  result,  and  are 

letnaJly  realised   in   the   richly  varit^d  forms  of  the  radiolarian 
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skeleton.  Thus  the  fact,  which  previously  sec-nied  so  wonderful, 
that  the  simple  protoplasmic  raaases  of  rhizopod  cells,  while  con- 
tinually engaged  in  streaming  and  forming  pseudopodia,  are  able 
to  construct  such  astonishingly  regular,  complicated,  and  delicate 
skeletons,  is  at  once  understood  from  the  fiict  that  the  protoplasm 
of  these  cells  poaaesaes  in  a  certain  body-zone  a  vacuolar  or  honey- 
comb structure.  According  to  the  form,  the  position  and  the 
extent  of  this  vacuolar  layer  and  its  vacuoles,  the  effusions,  which 
result  from  the  excretion  of  skeletal  substance  between  the 
vacuoles  and  form  the  skeleton,  must  vary  extraordinarily  (Fig. 
267),  Doubtless  a  rdle  similar  to  this  of  the  vacuolar  stnictore 
of  the  protoplasm  in  the  formation  of  many  mdtolarian  skeletons 
is  played  by  the  structure  of  protoplasm,  as  well  as  by  the  form 
and  the  mutual  pressure  of  the  individual  cells,  in  the  formation 
of  the  skeleton  in  other  organisms. 

il.   The   Mechanics   of  IltrcdUiiri/    Traiwnisawi 

There  finally  remains  a  brief  examination  of  the  mechanics  of 
hereditary  transmission.  The  conditions  of  hereditary  trans- 
mission  are  simplest  in  the  lowest  unicellular  organisms;  for 
example,  in  Amaha  apart  from  an  increase  in  the  size  of  the 
body.  DO  distinct  development  is  observable.  Here,  where  the 
reproduction  of  the  organism  takes  place  simply  by  the  diviBion 
of  the  cell  into  two  halves,  the  process  of  tne  transmission  of 
all  the  characteristics  of  the  mother-cell  to  the  two  daughter-cells 
is  at  once  comprehensible.  The  living  substance  of  the  mother- 
cell  with  its  characteristic  metabolism  and  its  peculiar  vital 
phenomena,  continues  to  live  independently  in  the  daughter-cells; 
it  is  no  wonder,  therefore,  that  the  separate  pieces,  when  living 
under  the  same  external  conditions,  possess  exactly  the  same 
characteristics  that  the  undivided  cell  possessed.  But  this 
simplest  case  of  inheritance  exhibits  very  clearly  the  essential 
factors  of  the  phenomenon,  just  as  all  vital  phenomena  in  general 
are  to  be  seen  and  understood  most  clearly  where  they  appear  in 
their  simplest  form,  i.e.,  in  the  simplest  cells.  It  is  seen  here 
that  the  transference  of  the  characteristics  of  the  ancestors  to 
the  descendants,  takes  place  by  the  transference  of  substance 
which  possesses  the  characteristics  of  the  ancestors.  In  order 
that  this  substance  may  possess  all  the  characteristics  of  the 
latter,  it  must  be  a  complete  celt  with  all  the  essential  cell- 
constituents.  The  characteristic  peculiarities  of  the  moth(*r-ct>lj 
are  the  exprcaaion  of  its  metabolism,  If,  therefore,  the  pecu- 
liarities of  the  mother-cell  are  to  be  transmitted  to  the  daughter- 
cells,  itswhole  metabolism  must  be  transmitted.  But  this  is  poastble 
only  when  a  certain  quantity  of  all  the  essential  constituents,  »*. 
of  the  protoplasm  and  nucleus  of  the  mother-cell,  passes  over  to- 
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the  daughter-cell,  for    otherwise   the  metabolism  of   the   latter 
would  not  be  able  to  continue,  and  the  cell  would  necessarily 
perish.     In  fact,  it  is  seen  not  only  in  unicellular  organisms,  but 
everywhere  in  organic  nature,  that  hereditary  ^'^^fffflif*^^^"  talfps    .  i 
place  without  exception  by  means  of  the  transference  of  q  p-nm-    1 1 
plete  cell  Mdth  nucleus  and  protoplasm. 

If  by  hereditary  transmission  there  is  understood  the  trans- 
ference of  the  peculiarities  of  the  ancestors  to  the  descendants, 
and  if  the  peculiarities  of  an  organism  are  merely  the  expression 
of  its  physical  relations  to  the  external  world,  the  conclusion 
is  absolutely  unavoidable,  that  in  hereditary  transmission  the 
living  substance,  with  its  peculiar  metabolic  relations,  must  be 
transferred.  But  this  is  only  possible  when  all  the  essential  parts 
of  the  metabolic  chain  are  transferred,  the  protoplasm  as  well  as 
the  nuclear  substance,  in  other  words  a  whole  cell. 

However  logical  and  obvious  this  simple  conclusion  is,  and 
however  completely  it  is  confirmed  by  actual  facts,  it  has  really 
never  been  clearly  drawn  on  the  part  of  morphology,  which  thus 
far  has  been  almost  the  sole  department  of  biology  to  deal  with 
the  problem  of  heredity.  As  has  been  seen,  among  the  morpho-  i 
logists,  especially  in  connection  with  the  views  of  O.  Hertwig,  * 
Strasburger,  Weismann,  Boveri  and  others,  the  view  has  become 
very  wide-spread,  that  the  hereditary  transmission  of  parental 
characteristics  to  the  offspring  is  mediated  by  the  transference  of 
nuclear  substance  only,  by  means  of  egg-  and  sperm-cells,  and  the 
nuclein  of  the  cell-nucleus  has  been  specially  termed  the 
"  hereditary  substance."  Only  a  few  morphologists,  like  Rauber, 
Bergh  and  Haacke,  have  thus  far  expressed  themselves  against  this 
view ;  but,  as  our  previous  presentation  of  the  subject  has  shown,^ 
the  grounds  upon  which  it  rests,  are  not  able  to  withstand  rigid 
criticism.  For  the  physiologists,  moreover,  the  view  is  conceived 
somewhat  too  morphologically,  for  it  takes  no  account  of  the  most 
essential  factor  of  life,  metabolism.  The  physiological  mode  of 
thought  will  hardly  be  able  to  adapt  itself  to  the  idea  of  a  single 
hereditary  substaTice,  which  is  localised  somewhere  in  the  cell  and 
transferred  in  reproduction.  A  substance  that  is  to  convey  the 
characteristics  of  a  cell  to  its  descendants,  before  all  else  must  be 
capable  of  life,  i.e.,  must  have  a  metabolism,  and  this  is  impossible 
without  a  connection  with  other  substances  necessary  to  cell- 
metabolism,  i.e.,  without  the  integrity  of  all  essential  cell-con- 
stituents. The  designation  of  a  single  cell-constituent  as  the 
specially  differentiated  bearer  of  heredity  is  wholly  unjustified, 
the  cell-protoplasm  is  of  exactly  the  same  value  in  this  respect  as 
the  nucleus,  and  we  must  constantly  return  to  the  feet  that  in  all 
living   nature    no   instance   is  known  in   which  a  complete   cell 

1  Cf.  p.  505. 
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possessinjj   niicleua   and    protoplasm    <lucs   not    always    mediate 
hereditary  transmission. 

To  sum  larise,  the  character  of  every  cell  '-^  Hpt.i^rniinHti  hy  itji 
peculiar  d  ;tabolism.  Hence,  if  the  pecwtiarities  uf  a  cell  ai-e  to 
be  transmi  ted,  its  characteristic  metabolism  must  be  transmitted ; 
this  is  o.  ly  conceivable  when  nuclear  substance  and  proto- 
plasm witr  their  metabolic  relations  are  transferred  to  the 
daughter-c  ills.  This  is  true  of  the  sexual  reproduction  of  the 
liigher  animals,  as  well  aa  of  the  asexual  reproduction  of  unicel- 
lular organisms;  in  the  former,  however,  the  metabolism  of  one  cell, 
the  sperma  iozooQ,  is  by  the  process  of  fertilisation  combined  with 
that  of  another  cell.the  ovum,  into  a  single  resultant,  the  metabolism 
of  theoffspring  that  arises  from  the  fertilised  ovum  ;  the  offspring 
hence  posses  i  two  parents. 


3.  The  Mea 
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Unfortunately,  as  regards  the  transformation  of  enei^  in  the 
living  organism,  our  knowledge  at  the  present  time  is  but 
fragmentary.  The  beginning  and  the  end  are  known,  but  between 
the  two  is  the  complex  series  of  events  in  which  the  energy  in  iUs 
[la-ssage  through  the  living  substance  takes  part,  and  thus  far  only 
It  few  of  these  events  have  been  discovered.  But  so  much  is 
I'vident:  the  changes  of  energy  are  just  as  manifold  in  their 
ih.'tails  aa  are  the  changes  of  substance  and  of  form,  and  every 
kind  of  cell  is  characterised  as  much  by  the  former  as  by  the 
latter.  It  has  been  seen  that  the  green  plant-cell  is  that  form  of 
living  substance  which  in  a  certain  sense  is  the  basis  of  all 
Hie  now  existing  upon  the  earth's  surface,  in  so  far  aa  it  is  the 
laboratory  in  which  from  inorganic  materials  organic  compounds, 
which  are  the  necessary  vital  condition  of  all  other  organisms,  are 
nuinulactured.  Hence,  in  outlining  a  scheme  of  the  general  circu- 
lation of  enei^y  in'living  nature,  attention  must  be  given  to  the 
gri.'en  plant  as  the  starting-point  for  the  entrance  of  energj-  into 
the  living  physical  world. 

That  form  in  which  energy  is  introduced  into  the  green  plant- 
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yll  is  pre-eminently  the  energy  of  sunlight.  Almost  no  chemical 
energy  is  introduced  into  the  plant ;  the  chemical  substances 
firom  which  the  plant  constructs  its  living  substance,  namely, 
carbonic  acid,  water  and  the  salts  dissolved  in  it,  are  compounds 
which  in  this  form  contain  almost  no  chemical  potential.  These 
oompoonds  are  transferred  to  substances  possessing  chemical 
potential  only  by  the  introduction  of  light  mediated  by  the 
activity  of  chlorophyll  in  the  green  plant-cell.     The  affinities  of 

fiftrhon  and  OXVgen.  g.f?..  can  b^  Tnn.Hp  n vmlahlp  pnly  T^y  f lio  gplif.fiyijr- 

up  of  carbonic  acid>  COo,  into  carbon  and  f^xygpQj     Energy  is 
consumed  in  this  process,  and  the  amount  required  for  it  is  supplied 
fipom  the   energy  introduced   by  light   into  the   plant-cell.      It 
has,  therefore,  been  said  that  all  life  is  derived  in  direct  descent 
from  sunlight;   and  thus  in  a  certain  sense  an  exact  scientific 
background  is  given  to  the  ancient  poetic  worship  of  light  and  the 
sun  by  Asiatic  and  American  races.     But  sober  scientific   con- 
sideration forces  us  to  modify  the  above  statement.     If  the  idea 
that  the  sun  s  light-rays  are  the  energy  from  which  all  the  energy 
of  the  living  world  in  the  last  instance  is  derived,  may  be  expressed 
at  all  in  this  general  form,  it  is  tnie  only  for  the  conditions  now 
prevailing  upon  the  earth's  surface.     If  we  go  back  to  the  times 
when  the  living  substance  first  appeared  upon  the  earth,  we  shall 
doubtless  be  obliged  to  turn  to  chemical  energy  as  that  form  of 
energy  that  was  first  introduced  into  the  living  substance.     Of 
course  the  living  substance  of  the  present  day,  like  all  substance, 
is  filially  derived,  together  with  its  energy,  from  the  sun,  for  the 
earth  is  only  a  part  of  the  sun's  mass  thrown  off;   but  light  can 
hardly  be  considered  directly  as  that  fonii  of  energy  which  effected 
ujx)n  the  cooling  earth  the  construction  of  those  compounds,  con- 
taining energy  m  the  potential  form,  that  are  termed  living  sub- 
stance.   In  reality,  at  present  it  is  not  the  light  that  directly 
accomplishes  the  splitting-up  of  the  carbonic  acid  and  the  combi- 
nation of  the  atoms  of  carbon,  hydrogen  and  oxygen  into  the  first 
product  of  assimilation,  starch.     This  idea,  which  perhaps  has  been 
suggested  by  an  inexact  mode  of  expression,  is  wholly  incorrect. 
In  reahty,  it  is  only  the  chemical  energy  of  certain  compounds  of 
the  chlorophyll-bodies  in  tlie  green  plant-cell  that  does  thij.     The 
^igy  of  the  light-rays  alone  can  never  s])lit  up  carbonic  acid, 
quite  apart  from  the  coupling  of  the  atoms  of  carbon  with  those  of 
oydiogen  and  oxygen  into  starch  molecules.    Light  is  indispensable 
only  in  so  far  as  it  is  that  form   of  energy  which   favours  the 
rearrangement  of  the  atoms  in  certain  compounds  of  the  chloro- 
phyll-bodies, so  that  these  atoms  are  able  to  enter  into  chemical 
relation  with  those  of  carbonic  acid  and  thus  decompose  the  latter. 
Ihe  energy  of  the  light-rays,  therefore,  is  fii*st  transformed  into 
chemical  energy,  and  it  is  the  latter  in  the  chlorophyll-bodies  that 
effects  the  splitting-up  of  carbonic  acid  and  therewith  inaugurates 
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the  endless  chain  of  transformations  of  energy  which  characterise 
the  life  not  only  of  the  plants  but  also  of  the  animals.  The  rdle 
of  light  is  similar  to  that  of  the  heat  that  ia  introduced ;  heat  is 
indispensable  to  life  in  both  the  plant  and  the  anima!  body,  and 
serves  to  increase  the  intramolecular  vibrations  of  the  atoms,  so 
that  the  latter  become  inclined  to  rearrangements.  But  it  isalways 
chemical  energy  that  effects  these  rearrangements.  In  other 
words,  in  the  plant  chemical  energy  must  bi^  ulrt^.idv' |>rfsfT>l,  ^ 


the  ch  roru|)livriV|»>.n^ 
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my  by  the  introduction  and  trans- 
iliis  ?iQ  mcrenswi  that  it  can  ^^yyon)- 
I.  ■Iiinile  of  carbonic  arid  whifh  has 
;.■  I  -,  Where  livmg  substance  with 
iln;iidy  present,  the  introduction  of 
Thus,  the  chemical  energy  intro- 
duced into  the  organic  world  along  with  the  first  living  sub- 
stance in  prehistoric  times,  even  now  continues  to  work  in  all 
living  organisms,  without  ever  having  undergone  a  break  in  con- 
tinuity! Life  cannot  be  transferred  from  one  organism  to  another 
without  the  transference  of  living  substance  containing  chemical 
energy,  It  is  a  tiny  quantity  of  both  substance  and  chemical 
energy  that  ia  transferred  m  the  microscopic  egg-cell  to  the  off- 
spring, but  it  is  sufficient  to  ensure  the  continuity  of  both.  The 
chemical  energy  thus  tmnsferred  makes  reproduction  possible, 
gives  the  impulse  to  the  continual  transformation  of  constantly 
greater  and  greater  quantities  of  energy,  in  a  certain  sense  by 
ferment-like  action,  and  finally  causes  a  powciful  development  of 
force  in  the  adult  organism.  It  is  the  original  capital  with  which 
the  developing  organism  begins  its  dealings,  and  without  which 
its  existence  would  be  impossible.  In  this  sense  it  can  be  said : 
Ikat  furm  of  energy  from,  which  in  the  last  instance  all  tke  work 
of  Iht  oTgamc  world  is  derived  is  ekemicai  energy.  The  light  and 
heat  introduced  act  only  by  making  chemical  pnprfry  availnlilp 

It  is  evident  that  this  is  equally  true  of  animals  and  of  plants. 
Out  of  the  original  chemical  energy  available  in  the-  plant  not 
only  is  the  manifold  external  work  of  the  jilant  supplied,  but  a 
considerable  quantity  is  stored  up  in  the  form  of  chemical 
eneigy  in  the  organic  compounds  of  the  plant-body.     These  com- 

Slex  organic  compounds  afford  food  for  the  herbivore,  while  the 
esh  of  the  herbivore  does  the  same  for  the  carnivore.  Thus,  with 
plant-food  energy  comes  to  animals  in  chemical  form  and  affords 
potentials  for  the  performances  of  the  animal  body,  which  are 
distinguished  so  characteristically  from  those  of  the  plants  by 
their  powerful  extrinsic  development  of  force.  In  fact,  the  chemicu 
energy  introduced  into  the  animal  body  with  the  food  forma  the 
sole  source  of  the  energy  of  the  animal  body,  with  the  escepti<m  of 
the  small  quantity  of  heat  that  acts  from  the  oul^iide  upon  fiXL 
organisms.     The  proof  of  this  fact  has  been  afforded  in  the  most 
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satiisfactory  manner  by  the   calori metric   investigjxtions  of  very 

recent  times,  especially  by  the  very  exjict  work  of  Riibner  ('94). 

Xf  upon  the  basis  of  calorimetric  combustions  the  chemical  energy 

food  be  expressed  in  tenns  of  hent,  the  food  will  yield  just  as 

any  calories  as  an  animal  aiforfls  when  all  its  production   of 

eYieigy  is  expressed  in  output  of  heat.     The  differences  between 

^be  quantity  of  heat  that  is  evolved  by  the  combustion  of  food  to 

sm.ib6tances  lacking  chemical  energy,  and   the   quantity  of  heat 

hich  the  animal  produces  with  like  food  during  rest,  arc  so  small 

the  extremely  delicate  experiments  of  Rubner.  that  they  fall 

^olly  within  the  unavoidable  technical   limits  of  error.     If  it 

^•ere  at  all  necessary  at  the  present  time  to  prove  the  validity  of 

tie  law  of  the  conservation  of  energy  for  living  nature,  the  best 

evidence  would  be  given  by  Rubner's  new  calorimetric  researches. 

The  passage  of  energy  through  the  organic  world  ends  with  the 

output  of  heat   or  mechanical  work  by  the  animal  body.     The 

animal  body  gives  off  to  the  outride  no  chemical  energy  that  is 

capable  of  being  used  further,  with  the  exception  of  that  adhering 

to  the  egg-cell  in  reproduction.     The  substances  that  leave  the 

animal  body,  such  as  water,  carbonic  acid,  etc.,  are  compounds 

that  possess  in  their  existing  form  no  more  chemical  potential,  and 

the  introduction  of  light  into  the  green  plant-cell  is  necessary  to 

enable  the  latter  to  create   available  chemical  energy  out  of  these 

sulbstanccs.     Thus,  the  circle  of  the  changes  of  energy  between 

living  and  lifeless  nature  is   a  closed  one.     Light  makes  avail- 1 

able  chemical   energy  in   the   plant-cell.     Out  of  this   chemical  i 

energy  are  derived  all  the  chemical,  mechanical,  and  thennal  activi-/ 

ties  of  the  plant  in  a  complex  series.     The  herbivore  takes  into  its 

body  with  its  food  the  chemical  energy  that  is  stored   up  in  the 

oiganic  compounds  of  the  plant,  and  with  the  materials  of  its  own 

body-substance  becomes  to  the  cjirnivore  the  indispensiible  source 

of  chemical  energy;  from  the  latter  is  derived  all  the  thermal, 

mechanical,  and  in  special  cases  also  the  photic  and  electrical  energy 

which  the  animal  body  gives  off  to  the  outside  as  heat,  as  mechanical 

energy  of  muscular  movement,  and  as  light  and  electricity.     Out 

of  the  substances  that  leave  the  animal  body,  poor  in  mechanical 

energy,  carbonic  acid  and  water,  the  plant-cell  under  the  influence 

of  the  light-rays  creates  anew  chemical  energy,  and  thus  the  endless 

circulation  begins  again. 

ft-  The  Principle  of  th4^  Traiisformation  of  Chvniical  Emryy  in  th'C  Cell 

However  clear  the  main  outlines  of  the  organic  changi'  of  energy 

appear,  its  details  are  obscure.     This  is  true  partly  because*  of  our 

w;k  of  knowledge  of  the  metabolism  of  living  substanci*,  but  largely 

'^©cause  of  the  extremely  slight  develoimu'iit  of  tht*  genenil  theory 

^f  energy  in  physics  and  chemistry.     The  transfoniiatioiis  of  energy 
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involved  in  events  the  materia!  basis  of  which  is  kiiowii  in  fullt^Nt 
detail,  are  still  wholly  unknown.  Thus,  concerning  the  work 
performed  in  many  chemical  transformations,  we  do  not  know 
at  all  whether  the  mechanical  energy  thus  set  free  is  derived 
directly  from  the  transformation  of  chemical  energj-,  or  after  passiag 
through  other  forms,  such  as  heat,  or  electricity.  The  direct 
trans  formation  of  chemical  energy  into  heat  and  electricity  has 
been  investigated  exactly  and  in  detail,  but  that  of  chemical  into 
mechanical  energy  has  thus  far  scarcely  been  studied.  This  cii^ 
oumstance,  indeed,  has  frequently  led  to  the  mistaken  belief  that 
chemical  energy  can  pass  over  into  mechanical  energy  never  directly, 
but  only  through  the  mediation  of  heat,  an  idea  that  is  wholly 
without  foundation.  To  make  the  subject  still  more  ditHcult  to 
understand  there  is  the  added  fact  that  the  conceptions  of  the  in- 
dividual forms  of  energy  are  not  at  all  fixed,  that,  f.ff.,  the  expres- 
sions, molecular  energy,  mechanical  energy,  etc.,  are  employed  in 
very  different  senses,  which  results  from  tne  feet  that  the  relations 
obtaining  between  the  various  forms  are  thus  far  not  at  all  cleared 
up.  Notwithstanding,  it  must  be  assumed  that  such  relations,  and 
even  very  close  genetic  ones,  exist.  It  is,  acojrdingly.  evident  that 
the  more  special  ener;getics  of  living  substance  is  at  present  one  of 
the  most  obscure  fields  of  physiology,  only  isolated  and  disconnected 
facts  being  known.  * 

The  general  fact  must  be  regarded  as  established,  that  all  the 
work  of  the  organism  is  based  finally  upon  chemical  energy.  So 
far  as  is  known  at  present,  roost  of  it  is  diroctiv  dependent  upon 
this  source  at  the  moment  of  its  occurrence.  But  the  energy  of 
many  actions  comes  in  a  roundabout  way.  Pfeffer  ('93)  has 
rt^ceiitly  made  this  fact  especially  clear  for  plants.  Thus,  it 
happens  verj-  frequently  that  in  metabolism  chemical  energy  first 
passes  over  into  potential  mechanical  energy  and  is  stored  up  as 
tension,  to  be  transferred  at  the  proper  opportunity  into  the  kinetic 
enLTgj'  of  mechanical  work.  Juraping-fi-uita  and  seeds  of  certain 
plants  furnish  examples  of  this.  Here  the  chemical  enei;gy  of 
growth  first  accumulates  in  the  form  of  mechanical  tension,  and. 
when  the  fruit  is  touched,  this  passes  over  into  vital  motion,  the 
fruit  bursts  open  and  scatters  its  seeds  with  great  force.  Analogous 
cases  of  the  indirect  derivation  of  work  from  chemical  energy  occur 
fr^uently  among  both  plants  and  animals. 

The  chief  forms  in  which  the  energy  evolved  by  the  cell  is  ex- 
pressed, are  mechanical  energy  and  heat.  The  evolution  of  light 
and  electricity  is  much  more  limited. 

In  order  to  obtain  an  insight  into  the  energetics  of  the  cell,  the 
chief  piinoiple  that  controls  tne  transformation  of  enei^  in  chemical 
cliiuigi'-s  must  be  recalled.  This  was  fonnulated  as  follows:  if 
in  a  L'hemical  process  affinities  become  united  rather  than 
Bi'iinnited,    energj'   is   liberated;     if  uttioities   become   separated 
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jatiivr  than  united,  energy  is  absorbed.'  In  the  light  of  this, 
lh<--  fundamental  principles  of  organic  transformations  of  energy 
follow  clearly  from  the  well-known  (acts  of  metabolism.  There 
ejcisl  in  living  substance  certain  compounds  possessing  strong 
obemicnl  affinities.  Other  chemical  affinities  are  introduced  from 
(jutaicle  into  the  living  cell  along  with  food  and  oxygen.  These 
restively  simple  substances  that  are  introduced  are  employed  for 
tbe  construction  of  much  more  complex  compounds,  which  we  have 
tenued  living  proteide  or  biogens.  In  this  process  the  chemical 
fcMtergy  that  is  introduced  passes  over  into  the  complex  compounds  in 
tile  form  of  potential  energy,  and  helps  to  loosen  their  structure. 
£.j..  it  is  known  that  by  the  introduction  of  oxygen  the  biogen 
molecule  takes  on  an  extraordinarily  labile  constitution,  i.t.,  its 
intramolecular  heat  becomes  very  great.  Ah  a  result  of  this  the 
molecule  tends  toward  decomposition,  and  explodes,  partly  spon- 
taneously and  partly  upon  slight  external  stimulation.  This  ex- 
plosive decomposition  depends  iipon  a  re-arrangement  of  the  atoms, 
whereby,  as  in  all  explosive  bodies,  within  single  atomic  groups 
stronger  affinities  become  united  than  were  previously  united  in 
the  labile  molecule.  Therefore,  as  a  whole,  dissimilatory  processes 
must  be  associated  with  a  considerablG  production  ol  onergv.  The 
ixtmpouQds  that  are  aenved  trom  this  decomposition  of  the  bi oge ns 
a.o<i  leave  the  body,  such  as  carbonic  acid,  water,  etc,  contain 
scarcely  perceptible  quantities  of  chemical  potential,  while  the 
I  coiup>uads  that  remain  in  the  body,  the  residue  of  the  biogens, 
again  possess  chemical  affinities  for  food-stuffs  and  oxygen,  and 
employ  them  in  uniting  with  the  latter.  The  energy  thereby  made 
available  is  employed  again  for  loosening  the  biogen  molecule,  and 
tbus  the  chain  ends.  The  principle  upon  which  it  is  based  ac- 
cordingly appears  clear :  there  i.')  a  continual  storing  up  of  pot^ential 
chemical  energy  and  a  translereiice  of  it  mto  othftr  lorma :  the 
aonrce  of  it  is  ine  toon  ana  tne  oxygen  ;  ttie  original  capitjtl  is  the 
chemical  energy  that  every  mmute  dronlet  of  Living  subsffnrp  \\an 
Mgned  over  trom  its  ancf stors ;  and  the  result  is  expressed  in  the 
irort  accomplished  by  the  living  substance. 

The  relations  as  regards  energj'  that  develop  in  living  substance 
under  the  influence  of  stimuli  are  comprehensible,  in  their  general 
outlines,  upon  the  basis  of  these  facts.     Those  cases  are  simplest  in 
which  the  stimulus  causes  an  excitation  of  dissimilation.     As  has 
^KAh%ady  been  seen,*  this  process   consists  of  an  augmentation  of 
^M|IQIi^Qeous__proce3s<ift.     The  potential  energy  that  is  stored  in 
^^Kie  labile  biogen  molecules  is  to  a  certain  extent  spontaneously 
^■toansformed  into  actual  energy,  the  atoms  being  reaiTange*!  and 
oomtined  with  one  another  by  stronger  affinities,  and  an  explosive 
decomposition  simultaneously  occurring.     It  is  easily  comprehen- 
sible that  certain  stimuli  may  increase  directly  the  iatramolecotar 
^L  •  C/  p.  215.  '  CJ.  p.  474. 


motion  of  the  atoms  in  the  hiogen  molecule,  and  thereby  give 
greater  opportuDity  for  rearrangemeut  and  explosive  decomposition ; 
the  augmentation  of  the  processes  uoder  tht-  influence  of  certain 
stimuli  needs  no  further  explanation.  Those  oases  of  reactions 
where  there  is  a  depression  ofdissimilation  also  scarcely  need  further 
discussion,  for  all  those  stimuli  that  diminish  the  intramolecular 
motion  of  the  atoms  in  the  biogen  molecule,  or  hinder  the  Pe- 
ajrangement  and  combination  of  definite  atoms  in  any  way,  such 
as  cold  or  narcotics,  must  evidently  diminish  the  normal  work  of 
the  cell.  But  not  all  the  performances  uf  living  substance  are 
associated  with  the  dissimilatory  phase  i.>f  metabolism.  Many 
important  ones  go  hand  in  hand  with  the  assimilatory  phase. 
Hence,  stimuli  that  excite  assimilation,  such  as  increased  food, 
will  augment  such  performances,  since  they  afford  a  greats 
opportunity  for  the  formation  of  new  biogen  masses;  and,  vice 
verm,  stimuli  that  depress  assimilation  will  produce  the  opposite 
effect.  Those  vital  phenomena  that  are  associated  with  assimila- 
tion and  are  augmented  by  stimuli  that  excite  this  process,  have 
been  greatly  neglected  by  investigators  in  comparison  with  the 
more  evident  phenomena  associated  with  dissimilation,  Eind  they 
deserve  special  consideration  in  the  future. 

This  idea  of  the  action  of  stimuli  does  not  imply  that  the  energy 
that  is  manifested  in  definite  work  as  the  result  of  a  stimulation  is 
always  derived  directly  and  solely  from  the  excitation  or  depreesatm 
of  one  or  another  link  in  the  metabolic  chain.  According  to  our 
idea,  the  satisfying  of  the  free  affinities  of  the  residue  of  the 
biogen  molecule,  i.e.,  its  regeneration,  follows  directly  its  explosiTe 
decomposition.  Hence,  under  certain  circumstances  there  is  con- 
tained in  the  reaction  not  only  the  energy  set  fr«e  by  the  decom- 
Dosition  of  the  complex  compounds,  but  also  the  energy  that 
becoiyes  actual  in  the  processes  that  result  directly  from  the 
decomposition,  and  the  same  is  true  of  other  cases  of  reactions 
Thus,  all  the  elements  of  the  energetics  of  the  cell  are  extra- 
ordinarily closely  interwoven.  This  follows  necessarily  from  the 
lacts  of  metabolism  above  discussed.  The  very  great  difficulty  of 
following  in  their  details  the  more  delicate  transformations  under- 
gone by  the  energy  in  a  given  work,  whether  spontaneously  vr 
upon  stimulation,  IB  evident ;  and  hence,  with  the  extremely  few 
investigations  that  have  been  carried  on  in  this  field  thus  iar,  it 
iff  at  present  impossible  to  determine  with  any  certainty  the 
energetics  of  even  the  more  evident  ]jerformanceB  of  the  cell,  such 
as  the  production  of  light  or  electricity  and  the  evolution  of 
mechanical  energy  in  the  various  kinds  of  movement.  To  study 
in  detail  the  extremely  interesting  history  of  the  energy  in  the 
various  internal  and  external  labours  of  the  living  cell  will  be  one 
of  the  most  stimulating  tasks  of  the  physiology  of  the  future. 
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c.  The  Source  of  tJu  Energy  of  MiiMle 

Although  thus  far  but  few  investigations  have  been  made  by 

physiologists  upon  the  mechanics  of  the  transformation  of  energy 

in  living  substance  in  general,  this  is  not  true  of  one  particular 

class  of  these  phenomena.     This  class  comprises  the  movements  of 

eantraction  arid  expansion.     The  mechanics  of  muscle-contraction 

especially,  in  which  energy  is  developed  with  most  remarkable  and 

most  astonishing  power,  has  from  early  times  engaged  very  actively 

the  attention  of  physiologists,  and  the  number  of  theories  that 

have  been  formed  regarding  the  mechanics  of  muscular  movement 

is  only  a  little  smaller  than  the  number  of  investigators  who  have 

studied  the  problem  thoroughly.     An  interesting  chapter  in  the 

history  of  human  thought  is  reflected  in  these  theories  from  the 

time  of  Galen  down  to   the  present  day,  and  it  is  pleasing  to 

one's  historic  sense  to  trace  thei^e  theories  from  their  very  naive 

beginnings.     Whoever   is  interested  in  this  bit  of  physiological 

history  will  find  the  literature  of  the  older  theories  down  to  the 

preceding  century  collected  by  Haller  (1762).      Hermann  (79)  has 

riven  the  essentials  of  the  later  theories  in   his  Ilayidhtch  tier 

7^hy9iologie,  and  the  newest  views,  so  far  as  they  possess  interest, 

are  collected  and  critically  examined  in  a  work   that  has  recently 

appeared/  which  considers  the  old  problem  from  the  comparative, 

oeu-physiological  side. 

Without  a  doubt,  of  all  the  activities  of  organisms,  muscle-work 
is  that  in  which  the  greatest  transformation  of  energy  takes  place 
in  the  shortest  time.  The  quantity  of  energy  that  is  set  free  in 
muscle-activity,  as  is  well  known,  is  astonishing.  Hence  the 
question  presents  itself :  of  the  energy  introduced  into  the  body 
what  portion  afifords  the  energy  that  is  thus  set  free,  in  other  words, 
where  is  the  source  of  muscle  energy  to  be  soufrht  ? 

It  is  evident  that  the  source  must  be  chemical  energy,  for  the 
animal-body  performs  its  labours  by  means  of  chemical  energy  ex- 
clusively. But  which  of  the  food-stuffs  introduced  into  the  body 
afford  by  their  transformation  the  chemical  energy  necessary  to 
moscle  activity  ?  Is  it  the  proteids,  or  is  it  the  carbohydrates  and 
the  &ts  ? 

An  active  contest,  which  very  recently  has  become  augmented, 
has  been  carried  on  over  this  question.  The  original  and  very 
clear  theory  of  Liebig  ('57,  70)  that  proteid  as  the  chief  constituent 
of  muscle  must  be  the  source  of  its  work,  wjis  attacked  during  its 
author's  lifetime,  and  it  has  since  been  thought  for  decades  that  in 
place  of  Liebig's  view  the  correct  solution  of  the  problem  had  been 
lound.  The  argument  that  led  to  this  idea,  which  has  prevailed 
to  the  present  time,  is  interesting.       It  was  said  :  if  the  source  of 

1  Cf.  Verwoin  ('92,  1). 
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muMcle-energy  lies  in  the  decomposition  of  proteid,  the  latter  n  _ 
be  iacreased  by  tsxtensive  muscular  activity.  Since,  now,  it  was 
believed  that  an  absohite  measure  of  the  extent  of  proteid-decom- 
position  in  the  body  is  to  be  found  in  the  excretion  of  nitrogen  in 
the  urine,  the  question  would  appear  to  be  decided  by  a  couipanson  of 
the  nitrogenous  contents  of  the  urine  during  rest  and  during  ex- 
treme muBcuIar  activity.  If  the  nitrogen  were  increased  during 
work,  the  increase  could  be  derived  only  from  increased  proteid- 
transformation  ;  if  it  remained  the  same,  the  source  of  muscle- 
energy  was  not  to  be  sought  in  proteid  but  in  non- nitrogenous 
food-stuSk  The  problem  was,  therefore,  presented  in  a  verycleai^ 
cut  form,  and  the  decision  could  not  be  left  to  itself.  Fick  in 
company  with  Wislicenus  {'65)  showed  upon  himself,  and  Voit  (70, 
'81)  upon  the  dog,  that  the  excretion  of  nitrogen  in  the  urine  is  not 
markedly  increased  by  intense  muscular  activity. 

The  (question  thus  appeared  to  be  smswered  very  precisely.  It 
was  concluded  that  the  decomposition  of  proteid  could  not  be  the 
soli-  source  of  muscle-energy.  It  was  argued  that  of  the  non-nitro- 
genous food-stuffs  the  carbohydrates  especially,  and  eventually  the 
tats,  must  come  into  consideration ;  and  it  was  known  that 
with  intense  muscular  activity  the  glycogen  st^ired  in  the  muscle 
disapptsars,  and  accumulates  again  during  rest.  The  argument 
appeared  wholly  unobjectionable,  and  the  view  was  generally  ac- 
cepted that  muscle-energy  is  afforded  chiefly  by  the  decomposition 
of  carbohydrates. 

But  the  view  that  proteid  does  not  take  the  chief  part  in  the 
I'xtrenie  activity  of  the  muscle-cell  necessarily  appeared  parodoxical 
to  all  who  were  at  all  familiar  with  the  general  vital  char- 
acteristics of  living  substance.  Proteid  is  the  substance  with  the 
foniiation  and  decomposition  of  which  life  is  inseparably  associated, 
and  hence  it  seemed  very  remarkable  that  in  augmented  vital 
activity,  such  as  is  represented  by  intense  muscular  movement. 
the  transfonnation  of  proteid  was  the  same  as  during  rest,  PHilger 
could  not  sympathise  with  this  view.  In  a  series  of  striking  re- 
.searches,  supported  by  experiments  free  ftxjm  objection,  he  recently 
iitlnnked  it,  and  sought  to  estabbsh  pro teid-decom position  as  the 
I'hii  I  .'^i.urce  of  the  energy  of  muscle.  It  was  alrmiy  known  to 
V.iit  that  dugs  can  maintain  themselves  upon  a  meat  diet  alone. 
PJiii^'iT  (Hi),  therefore,  fed  a  dog  for  many  months  exclusively  with 
meat,  as  pure  and  free  from  fat  as  possible,  and  made  him  perform 
several  times  every  day  for  weeks  very  diificult  labour.  The  animal 
showed  continually  "  very  extraordinarj-  strength  and  elasticity  in 
all  his  movements."  Since  the  slight  traces  of  carbohydrates  and 
fat  contained  in  the  meat  need  not  bo  considered  in  nutrition,  it 
wuM  proved  that  all  the  energy  produced  during  the  hard  labour  of 
the  dug  was  derived  from  the  transformation  of  proteid.  But 
in    onliT   to   discover   whether   the  proteid  served   simply  as   a 
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compensatory  source  of  muscle-energy  while  carbohydrates  and 
fats  were  lacking  in  the  food,  Pfliiger  ('92)  carried  on  a  series 
of  experiments  with  mixed  food.  These  led  to  the  important 
result  that  with  a  food  composed  of  proteid,  carbohydrates, 
and  fats,  the  quantity  of  the  two  latter  substances  that  is 
destroyed  in  metabolism  depends  wholly  upon  the  fact  whether 
much  or  little  proteid  is  fed.  "  In  general,  the  quantity  of  carbohy- 
drate and  fat  that  undergoes  destruction  is  smaller,  the  greater  the 
income  of  proteid."  The  undestroyed  carbohydrate  and  fat  are 
changed  into  body-fat  and  accumulate  as  reserve-material,  while, 
as  is  well  known,  the  introduced  proteid,  however  much  it  may  be, 
is  destroyed  even  to  an  excessively  small  fraction.  It  may,  there- 
fore, be  said  :  "  the  need  of  food  is  satisfied  first  by  proteid."  Pro- 
teid is  the  "  primitive  food,"  carbohydrate  and  fat  are  simply  a 
**  compensatory  food  "  employed  during  a  lack  of  proteid. 

Although  in  accord  with  this  it  is  established  beyond  doubt  that 
muscular  work  is  made  possible  primarily  by  the  decomposition  of 
proteid,  the  equally  undeniable  fact,  that  the  excretion  of  nitrogen 
in  the  urine  does  not  appear  to  be  correspondingly  augmented  by 
the  most  intense  muscular  activity,  must  excite  surprise.  In  this 
connection  another  experiment  of  Pfliiger  deserves  attention. 
PflUger  found  that  with  pure  proteid  food  and  with  an  equal 
quantity  of  food  during  rest  and  during  labour  the  excretion  of 
nitrogen  is  increased  by  muscular  activity  very  inconsiderably, 
and  under  certain  circumstances  not  at  all.  Nevertheless,  all  the 
working-power  must  be  derived  from  the  decomposition  of 
proteid  alone,  since  no  carbohydrate  and  fat  are  fed.  With  an 
excess  of  proteid  such  a  remarkable  phenomenon  would  be  directly 
comprehensible,  if  we  were  to  bear  in  mind  that  even  during  rest 
all  proteid  introduced  into  the  body  is  decomposed ;  for 
if,  as  has  been  shown,  the  energy  of  muscular  work  is  derived 
from  the  proteid  decomposed,  it  might  be  concluded  that  an 
amount  of  proteid  equal  to  that  consumed  during  activity 
has  been  saved  elsewhere  in  the  body.  This  would  be 
supported  by  the  fact  that  all  proteid  eaten  beyond  a  certain 
quantity  is  a  luxus  consumption,  and  is,  therefore,  available  when- 
ever needed.  But  if  it  be  borne  in  mind  that,  as  Voit  ('60,  *66) 
has  shown,  in  hunger  the  excretion  of  nitrogen  in  the  urine  of  the 
dog  is  increased  by  labour  in  the  treadniill  either  not  at  all  or 
only  inconsiderably,  this  conclusion  cannot  be  drawn,  and  the  above 
explanation  of  the  non-increase  of  nitrogen  excretion  does  not 
suffice. 

There  still  remains  one  possibility,  which  Pfliiger  has  only 
touched  upon,  namely,  that  during  labour  a  transformation  of 
proteid  takes  place  in  the  muscle  without  the  nitrogen  of  the 
transformed  proteid  appearing  in  the  urine. 

This  idea,  to  which  we  are  forced  by  the  facts,  although  directly 
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contradicting  an  old-eatablishod  physiological  dogma,  is  not  «) 
wholly  paraduxtcal  as  at  first  sight  it  appears.  The  dogina.  which 
has  retarded  not  a  little  the  advance  of  knowledge  of  vital 
processes,  ^nd  the  origin  of  which  is  due  simply  to  the  fact  that 
investigators  devoted  themselves  so  exclusively  to  the  *-itaI 
phenomena  of  higher  animals,  in  expressed  in  the  statement  that 
the  excretion  of  nitrogen  in  the  unne  is  an  absolute  measure  of 
the  proteid-transformation  in  the  body.  Such  an  assumption  is 
quite  unproven.  at  least  in  this  form.'  It  may  be  said  with  a  certain 
amount  of  justification  that  the  nitrogen  excreted  in  the  urine  is 
derived  from  the  decomposition  of  proteids.  But  there  is  ab- 
solutely no  justification  for  maintaining,  vice  versa,  that  all  the 
nitrogen  of  the  proteid  transformed  in  the  body  appears  in  the 
urine.  The  fact  that  all  food-proteid  beyond  a  certain  quantity  is 
transformed  in  the  body  into  groups  of  atoms,  the  nitrogen  of 
which  is  excreted  in  the  urine,  cannot  be  generalised,  and  especially 
it  cannot  be  applied  to  the  decomposition  of  organised  proteid,  the 
biogens.  As  is  well  known,  both  non-nitrogenous  and  nitrogenous 
groups  of  atoms  are  derived  from  the  decomposition  of  the  biogen 
molecule.  The  non -nitrogenous  groups  such  as  carbonic  acid, 
water,  lactic  acid,  etc..  leave  the  body  at  once.  But  the  assumption 
is  not  required  that  all  the  nitrogenous  gmupa  also  leave  the  Dody 
at  once.  It  is  conceivable  that  under  certain  circumstances  the 
nitrogenous  residue  becomes  regenerated  into  a  complete  biogen 
molecule  at  the  expense  of  the  food-stuffs  and  the  oxygen, 
or  in  hunger  at  the  expense  of  the  reserve-substances.  There 
would  then  be  a  decomjKMiition  of  biogens  which  would  result  in 
no  excretion  of  nitrogen  in  the  urine.  There  is  no  fact  that 
disputes  the  view  that  in  niueele-activity  the  biogen  molecule  ia 
decomposed,  and  that,  in  general,  the  nitrogenous  residue  regener- 
ates the  lost  non-nitrogenous  groups  of  atoms  at  the  expense  of 
the  food.  Such  economy  with  the  costly  nitrogen  would  be  wholly 
in  accord  with  the  methods  of  the  organic  household. 

This  idea,  which  has  been  here  put  forward  simply  as  a  poau- 
bility  suggested  by  the  facts,  upon  more  careful  consideratioa 
seems  even  probable.  Before  all  else,  it  is  in  harmony  with  our 
general  physiological  views  upon  the  nature  of  the  vital  procesB, 
and  it  accords  with  the  ideas  that  must  be  formed,  upon  the  basis 
of  innumerable  tacts,  regarding  the  events  occurring  in  living 
substance.  As  is  well  known,  the  proteids  are  the  chief  constitneots 
of  living  substance,  and  they  arc  also  the  sole  organic  substanoet 
by  the  transformation  of  which  alone  the  work  of  the  livin? 
organism  can  be  maintained.  Moreover,  as  has  already  been  seal?' 
of  all  other  substances  that  occur  in  the  cell  some  serve  for  t 
construction  of  the  proteids  and  biogens,  and  some  are  derived  GrooBL 
the  tianstbrmation  of  them.  In  other  words,  there  can  be  no  doobtl 
'  C/.  p.  175.  '  Of-  PP-  183  "I'-l  -tTS. 
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the  place  of  its  origin.     According  to  him  the  transfonnation  of  a 
part  of  the  heat  into  mechanical  energy  comes  about  by  the  short- 
ening, as  the  result  of  being  heated,  of  elements  that  are  capable 
of  swelling.     In  the  last  assumption  he  relies  upon  the  two  facts, 
that  all  positive,  uniaxial,  doubly-refracting  substances,  if  capable 
of  swelhng,  upon  doing  so  shorten  in  the  direction  of  their  optical 
axis,  and  that  bodies  that  are  capable  of  swelling  do  so  more  when 
they  are  heated.     According  to  Elngelmann  s  investi^tions  there 
exist  in  the  anisotropic  substance  of  muscle  positive,  uniaxial, 
doubly-refracting  elements ;  and,  as  Engelmann  likewise  has  shown, 
in  the  contraction  of  muscle  liquid  substance  passes  over  from  the 
isotropic,  more  liquid  mass  of  the  muscle-segment  into  the  more 
solid  mass  of  the  anisotropic  disk,  so  that  the  latter  increases  in 
volume.      Engelmann  supposes,   therefore,   that  in  excitation  of 
muscle  the  elements  of  the  anisotropic  muscle-substance,  which  he 
temis  "inotagmata"  swell  as  a  result  of  the  heat  derived  from 
cbemical  energy  and  shorten,  so  that  a  contraction  of  the  muscle 
resulta     Engelmann  endeavours  to  make  his  idea  especially  clear 
by  an  experiment,  in  which  the  contraction  of  muscle  is  imitated, 
according  to  the  thermodynamic  principle,  by  the  thermal  swelling 
and  shortening  of  catgut.     In  a  beaker  filled  with  water  there  is 
a  stretched  violin-string  which  is  surrounded  by  a  coil  of  wire  and 
is  connected  with  a  writing-lever.     By  the  making  of  an  electric 
current  the  coil  can  be  heated,  so  that  heat  is  communicated  to  the 
string.     The  result  is  that  the  string  swells  and  shortens  and  per- 
forms a  certain  amount  of  work  by  raising  a  weight.     Upon  the 
breaking  of  the  current  and  cooling  of  the  coil  the  string  is  ex- 
tended again.     Through  its  ingenious  simplicity  this  experiment 
makes  ^gelmann's  view   extremely  clear,  and   it  is  not  to  be 
doubted  that  at  first  sight  it  prepossesses  one  in  favour  of  the 
thermodynamic  theory.     Nevertheless,  there  are  many  arguments 
against  the  latter,  and  various  weighty  objections  to  it  have  been 
brought  forward,  especially  by  Fick  ('93,  1,  2). 

Unfortunately  it  is  impossible  to  discuss  here  the  various  diflS- 
culties  that  lie  in  the  way  of  accepting  Engelmann*s  theory.  One 
only  may  be  mentioned  briefly,  because  its  consideration  leads 
to  another  view  which,  upon  the  basis  of  microscopic  facts,  is  con- 
nected with  the  chemical  theories  of  muscle-contraction.  It  must 
be  demanded  of  a  theory  of  muscle-contraction  that  its  principle 
shall  hold  good  for  the  explanation  not  only  of  muscular  movement, 
but  also  of  all  other  forms  of  contractile  phenomena,  i.e.,  for  proto- 
plasmic and  ciliary  movements  also.  "  Since  these  are  united  by 
close  transitions  with  one  another  and  with  muscular  movement, 
the  same  explanatory  principle  must  be  able  to  find  employment 
in  alL"  But  the  above  theory  does  not  wholly  correspond  to  this 
first  and  foremost  requisite,  which  Engelmann  himself  puts  forwanl. 
It  is  not  able,  e.g.,  to  explain  the  motile  phenomena  of  amoeboid 
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biogep-ri  iyp  ncm-nit.rngpnnii>i  pt..ihw  .>f  ntjmm  The  vital  process 
in  musCi-  is  the  same,  whether  it  draws  its  material  fnim  the 
proteid  o     he  food  or  from  the  carbohydrate  iiiitl  fat. 

The  gi  3nil  validity  of  the  idea  here  presented  of  the  source  of 
miiscle-eii  :^y  will  be  more  apparent  after  the  problem  of  the 
inechaniob  )f  the  special  changes  of  energy  in  contractile  movenienta 
has  been  e.;ainined  in  detail. 


i 


d.    Th  ory  of  thf.  Mwemenia  of  Contraction,  and  Expansion 


iryhy 


Without  considering  singly  the  almost  innuiiierabUr  theories 
that  have  lieen  put  forward  regarding  the  mechanism  of  muiwlG- 
contraction,  we  can  diBlinguish  among  the  more  importanl,  views 
expressed  ii  'o  essentially  different  grou^ 

There  ie  gi  belief  that  muscle-energy  has 

its  source  in  '  the  ideas  here  exprewted  upon 

the  vital  pp  in  be  no  doubt  about  this.  But. 

while  accon  he  mechanical  energy  of  muscle- 

work  comes  ormation  of  chemioil   energy, 

according  ti  mndabout  way  through  hi^nt. 

The  former  Iger  (75,  1),  Pick  ('82.  "93.  1) 

and  others,'  ilngelniann  ('93).     A  theory  hy 

the  Gottin  UlTer  ('91),  which  derives    ' 

one  kind  oi  *  indirectly,  first  through 

and  then  thro  as  not  yet  appeared  in  a 

plete  form. 

For  the  startiu^;-,  i._.  eui.^idemtion  we  may  best  choose 

Engelniann's  thermotlynainic  theory  nf  frmfiiiu'tifm  Engelniann 
sirs  a  ditticnlty  in  tne  direct  derivation  of  muscle-work  from 
chemical  energy  in  the  following  circumstances.  If  from  the 
amount  of  energy  produced  by  muscle,  upon  the  assumption  that 
this  is  afforded  by  the  combustion  of  carbohydrates,  and  upon  the 
basis  of  a  combustion  heat  of  -l-.OOO  calories  per  gram  of  carbo- 
hydnites,  the  quantity  of  subetancc  be  computed  that  is  necessary 
tu  the  work  performed  by  the  muscle  in  a  single  contraction,  it  is 
found  that  this  quantity  is  surprisingly  small  in  proportion  to  the 
iims-s  of  the  muscle.  Engelmann  finds  that  approsimately  only 
one  four-millionth  of  the  whole  mass  can  be  considered  as  yielding 
the  L'nergy  afforded  in  a  single  contraction.  With  the  great 
iitjiount  of  water  in  the  muscle,  which  he  assumes  at  approximately 
70 — SO  per  cent.,  he  regards  it  an  incomprehensible  how  such  an 
enormous,  passive  mass  can  be  put  into  motion  by  the  dii-ect  effect 
of  the  chemical  energy  of  such  a  small  quantity  of  effective  sub- 
stance working  locally.  He  regards  this  as  possible  only  when  the 
chemical  energy  is  first  transformed  into  heat,  which  can  bo  <ii«- 
ttibuted  everywhere,  and,  therefore,  is  not  limited  in  its  ellect  so 
'  Cf.  Verworn  ('9^  I). 
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the  place  of  its  origin.  According  to  him  the  transformation  of  a 
part  of  the  heat  into  mechanical  energy  comes  about  by  the  short- 
ening, as  the  result  of  being  heated,  of  elements  that  are  capable 
of  swelling.  In  the  last  assumption  he  relies  upon  the  two  facts, 
that  all  positive,  uniaxial,  doubly-refracting  substances,  if  capable 
of  swellmg,  upon  doing  so  shorten  in  the  direction  of  their  optical 
axis,  and  that  bodies  that  are  capable  of  swelling  do  so  more  when 
they  are  heated.  According  to  Engelmann's  investigations  there 
exist  in  the  anisotropic  substance  of  muscle  positive,  uniaxial, 
doubly-refracting  elements ;  and,  as  Engelmann  likewise  has  shown, 
in  the  contraction  of  muscle  liquid  substance  passes  over  from  the 
isotropic,  more  liquid  mass  of  the  muscle-segment  into  the  more 
solid  mass  of  the  anisotropic  disk,  so  that  the  latter  increases  in 
volume.  Engelmann  supposes,  therefore,  that  in  excitation  of 
muscle  the  elements  of  the  anisotropic  muscle-substance,  which  he 
terms  "  inotagmata,"  swell  as  a  result  of  the  heat  derived  from 
chemical  energy  and  shorten,  so  that  a  contraction  of  the  muscle 
results.  Engelmann  endeavours  to  make  his  idea  especially  clear 
by  an  experiment,  in  which  the  contraction  of  muscle  is  imitated, 
according  to  the  thermodynamic  principle,  by  the  thermal  swelling 
and  shortening  of  catgut.  In  a  beaker  filled  with  water  there  is 
a  stretched  violin-string  which  is  surrounded  by  a  coil  of  wire  and 
is  connected  with  a  wnting-lever.  By  the  making  of  an  electric 
current  the  coil  can  be  heated,  so  that  heat  is  communicated  to  the 
string.  The  result  is  that  the  string  swells  and  shortens  and  per- 
forms a  certain  amount  of  work  by  raising  a  weight.  Upon  the 
breaking  of  the  current  and  cooling  of  the  coil  the  string  is  ex- 
tended again.  Through  its  ingenious  simplicity  this  experiment 
makes  Engelmann*s  view  extremely  clear,  and  it  is  not  to  be 
doubted  that  at  first  sight  it  prepossesses  one  in  favour  of  the 
thermodynamic  theory.  Nevertheless,  there  are  many  arguments 
against  the  latter,  and  various  weighty  objections  to  it  have  been 
brought  forward,  especially  by  Fick  ('93,  1,  2). 

Unfortunately  it  is  impossible  to  discuss  here  the  various  diffi- 
culties that  lie  in  the  way  of  accepting  Engelmann's  theory.  One 
only  may  be  mentioned  briefly,  because  its  consideration  leads 
to  another  view  which,  upon  the  basis  of  microscopic  facts,  is  con- 
nected with  the  chemical  theories  of  muscle-contraction.  It  must 
be  demanded  of  a  theory  of  muscle-contraction  that  its  principle 
shall  hold  good  for  the  explanation  not  only  of  muscular  movement, 
but  also  of  all  other  forms  of  contractile  phenomena,  i.e.,  for  proto- 
plasmic and  ciliary  movements  also.  "  Since  these  are  united  by 
close  transitions  with  one  another  and  with  muscular  movement, 
the  same  explanatory  principle  must  be  able  to  find  employment 
in  all."  But  the  above  theory  does  not  wholly  correspond  to  this 
first  and  foremost  requisite,  which  Engelmann  himself  puts  forward. 
It  is  not  able,  e.g.,  to  explain  the  motile  phenomena  of  amoeboid 
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protoplasmic  masses.  These  aimplost  of  all  contractile  phenomena 
offer  insuperable  difficulties  to  Engelniann's  view.  In  order  to 
bring  the  phenomena  of  amoeboid  movement  into  harmony  with  hia 
theory,  Engelmann  (79, 1)  is  forced  to  the  assumption  that  in  amoe- 
boid protoplasm  also  the  contractile  elements  have  an  elongated 
form  and  are  capable  of  swelling  so  as  to  become  spherical.  But 
this  assumption  made  ad  hoc  is  not  only  not  l>ased  upon  facta,  but 
is  unable  really  to  explain  the  phenomena.  In  spite  of  careful 
investigation  Engehnann  has  not  succeeded  in  Ending  in  amoeboid 
protoplasm  doubly-refracting  elements  similar  to  the  tibrous  struc- 
tures of  muscular  substance.  The  observation  that  in  Aetino- 
sphcBrium  the  pseudopodia  have  a  doubly-refracting  axial  strand,  is 
not  applicable,  because  this  axial  strand  has  nothiJig  whatever  to 
do  with  contraction ;  it  is  simply  a  track  upon  which  the  contrac- 
tile protoplasm  can  flow,  and  hence  is  analogous  to  the  rays  of  the 
radiolarian  skeleton,  which  are  very  wide-spread,  especially  in  the 
AcafUhometritl^.  But,  even  if  the  contractile  protoplasm  of  Shizo- 
poda  consists  of  numerous  elongated  elements  that  become 
spherical  upon  swelling,  the  extension  of  the  extraordinarily  long 
and  slender  thread-like  pseudopodia  that  characterise  most 
Foraviiniftra  and  Radiotaria  and  numerous  fresh-water  Wiizopoda, 
would  be  wholly  mconceivable  upon  this  assumption.  These 
varieties  of  pseudopodia  are  formed  simply  by  the  extension  of  the 
shorter,  blunt  or  mcised  processes  of  an  Amaha  or  a  leucocyte. 
Even  the  formation  of  these  latter  pseudopodia  cannot  be  explained 
according  to  Engelmann 's  view.  How  is  the  occurrence  of  even  a 
moderate  change  of  form  of  the  Ainaiia  body  to  be  imagined  through 
the  simple  extension  of  numerous  elements  which  are  of  a  size  far 
below  tne  limit  of  perceptibility  and,  as  Engelmann  himself 
assumes,  lie  irregularly  among  one  another  pointmg  in  all  direc- 
tions 1     These  difficulties  are  msurmountable. 

We  have  here  arrived  at  the  point  where  the  problem  of  the 
movements  of  contraction  can  first  be  taken  into  consideration  with 
reference  to  the  result.  In  the  amoeboid  cell  there  is  the  most  primi- 
tive form  of  contractile  substance ;  here  the  relations  are  undeniably 
much  simpler  than  in  the  fibrous  forms  with  their  complex 
diffi^rentiations.  Moreover,  the  phenomena  exhibited  by  the  living 
object  can  be  investigated  experimentally  with  incomparably  more 
ease  in  the  &ee-tiving  and  relatively  large  protoplasmic  masses  of 
amceboid  cells,  than  m  the  very  small  constituents  of  the  muscle, 
which,  separated  from  continuity  with  their  neighbonrs,  invariably 
perish  in  a  very  short  time. 

Hence,  we  will  consider,  first,  the  amceboid  movement  of  naked 
protoplasmic  masses.^  As  has  already  been  seen,^  the  element 
common  to  all  phenomena  of  contraction  is  the  alternation  of  two 
opposed  phases,  one  of  contraction  in  which  the  surface  is  diminided 
'  Cf.  Verwoni  ('92,  I ).  '  C/  pp.  233  and  25a 
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in  proportion  to  the  mass,  and  one  of  expansion,  in  which  the 
surface  is  increased.  In  amoeboid  movement  expansion  is  expressed 
in  the  extension  of  pseudopodia,  and  contraction  in  their  retraction 
and  the  endeavour  to  assume  a  spherical  form  (Fig.  268).  The 
interchanges  between  the  two  constitute  the  whole  phenomenon  of 
amceboid  movement.  As  is  well  known,  a  naked  protoplasmic 
drop,  for  example  an  Amoeba-cell,  behaves  physically  like  a  liauid. 
Its  movements  must,  therefore,  obey  the  general  laws  of  liquids,  as 
Berthold  ('86)  especially  has  consistently  applied  them  to  numerous 
special  cases.  Physically  considered,  every  movement  of  a  drop 
of  liquid  is  the  expression  of  changes  of  surfiswje-tension,  i.e.,  of 
the  energy  of  cohesion  with  which  the  individual  particles  in  a 
freely-suspended  drop  attract  one  another.  If  the  surfjEice-tension 
is  equal  at  all  points,  the  drop  assumes  a  spherical  form.  If  for 
any  reason  it  is  diminished  in  one  place,  there  occurs  there  as  the 
result  of  pressure  from  the  other  sides  a  protuberance  which  in- 
creases until  equilibrium 
is  again  establLshed.  If 
the  surface-tension  at  the 
same  place  becomes 
greater,  the  protuberance 
diminishes  correspond- 
ingly. Hence,  the  spheri- 
cal form  of  an  amceboid 
cell  is  the  expression  of 
a  sur&ce- tension  equal  at 
all  points ;  the  extension 

of  pseudopodia    at    local-       Fio.  iit».^Amaba  in  outline ;  the  nucleus  lies  in  the 

Ji  'xU      '-^J  r  interior.      A,    Extending   pseudopodia    in    variouM 

ISed  places  is  the  index  Ot  directions ;  B,  creepingln  one  direction  ;    C,  con- 

a  diminution  of  surfiswe-         ^""""^  *°^  *  *^- 

tension  at   those  places. 

In  other  words,  the  problem  of  amceboid  movement  thus  made  clear 

is  contained  in  the  question:  what  causes,  on   the  one  hand,  a 

diminution  of  surfieuse-tension  (extension  of  pseudopodia),  and,  on 

the  other,  an  increase  of  surfece-tension  (retraction  of  pseudopodia 

and  tendency  toward  a  spherical  form)  ? 

Re^rding  the  manner  of  diminution  of  surface-tension,  KUhne's 
experiments  ('64)  upon  Amaiba  and  Myxomycetes,  already  spoken  of, 
are  decisive.  When  Kiihne  placed  a  drop  containing  Arruebce  in 
a  medium  that  contained  no  oxygen,  but  was  indiflFerent  in  other  re- 
spects, as,  for  example,  hydrogen,  the  amoeboid  movement  gradually 
ceased,  and  the  Arncebw  maintained  the  forms  that  they  had 
already  assumed.  If  oxygen  were  then  allowed  to  enter,  the  move- 
ment began  again,  new  pseudopodia  were  extended  and  the  Ayncehw 
resumed  their  creeping.  Kiihne  s  experiments  upon  the  plasmodia 
of  Myxmnyciics  are  equally  clear.  He  put  a  lump  of  a  dry 
Plasmodium  oi  Didymium  in  a  vessel  filled  with  water  containing 

<)  (> 
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no  oxygen.  In  this  condition  no  pseudopodia  were  formed  for  days. 
When,  however,  he  let  a  few  small  bubbles  of  air  into  the  vessel, 
the  estensioii  of  pseudopodia  immediately  began,  and  after  five 
hours  the  lump  of  protoplasm  had  extended  upon  the  inner  wall  of 
the  vessel  into  a  richly -branched  network.  It  is  evident  from  this 
that  it  is  the  chemical  affinity  of  certain  portions  of  the 
protopiaam  for  oxygen  that  diminishes  the  surface-tension  at 
definite  places,  and  so  leads  to  the  fonuation  of  pseudopodia.  With 
unilateral  nction  of  oxygen  this  must  lead  to  positive  chemotaxis, 
OS  has  actually  been  demonstrated  by  Stahl  ( 84)  in  naked  proto- 
plasmic masses.  As  regards  the.  manner  in  which  the  chemical 
affinity  of  the  protoplasmic  particles  for  the  oxygen  of  the  medium 
diminishes  the  sur^e-tension  of  the  drop,  it  may  at  least  be 
imagined  that  by  the  introduction  of  the  gxygen-atoms  into  the 
hi ogen- molecules  the  cohesion  of  the  latter  is  diminished. 

In  non-living  nature  there  is  a  very  striking  analogue  of  the 
fact  that  amoeboid  changes  ol'  fonii  and  movements  are  caused  in  s 
drop  by  the  chemical  affinity  of  certain  constituents  of  the  drop  for 
substances  in  the  surrounding  medium.  This  is  afforded  by  the 
interesting  experimenta  of  Gad  (78)  upon  the  bl?ha^^ou^  of  oil- 
drops  in  alkaline  media,  which  later  were  studicil  by  Quincke  ('88). 
It  is  well  known  that  rancid  fats  and  oils  contain  molecules  of  free 
fatty,  or  oily,  acids  between  the  molecules  of  pure  fat  or  oil.  Upon 
contact  with  alkalies  these  acids  combine  with  them  to  form 
soluble  soaps.  Hence,  if  a  drop  of  rancid  oil  be  put  into  a  feebly 
alkaline  liquid,  a  continual  formation  of  soap  lakes  place  at  the 
surface  of  contact  uf  the  two.  Th-ivliv  rhr  '^uifii'-.-ti.nMon  is 
diminished  locally  here  and  there,  and  there  results  a  genoine 
formation  of  pseudopodia  by  the  oil-drop.  By  varying  the  alkaHnity 
..f  the  medium  and  the  amount  of  free  acids  in  the  oil-drop,  a  KT«ftt 
variety  in  the  forms  of  the  processes  can  be  produced,  many  of  the 
latter  presenting  a  startling  similarity  to  the  forms  of  pBeudopodia 
of  certain  Mhizopoda  (Fig.  269). 

If,  thus,  by  the  chemical  affinity  of  certain  particles  of  a  drop 
for  substances  in  the  surrounding  medium  the  surface-tension  is 
diminished,  vice  versa  an  increase  of  surface-tension  must  come 
about  by  increased  attraction  between  the  particles  of  the  drop. 
Such  an  increase  of  cohesion  between  tbe  biogen-moleculee 
themselves,  or  between  them  and  other  constituents  of  the  cell- 
body,  is  comprehensible  when  it  is  borne  in  mind  that  the  extent 
of  the  molecular  attraction  is  influenced  by  changes  in  the  chemical 
constitution  of  the  molecules.  It  has  been  seen  above  that  the 
cohesion  is  diminished  by  the  oxidation  of  the  latter.  If  now  they 
be  decomposed,  the  idea  is  strongly  suggested  that  this  profound 
change  in  their  chemical  constitution  is  associated  with  an  increase 
of  cohesion. 

Upon  the  basis  of  this  idea,  the  following  picture  may  be  drawn 
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^the  mechanism  of  amceboid  protoplasmic  motion.  Starting 
Boin  the  spherical  form  of  the  amoeboid  cell,  the  mirface-tension 
wuld  hv  locally  diminished  at  any  desired  point  of  the  periphery 
kj  the  introduction  of  oxygen  into  the  biogen-molecule ;  the 
potojjlafim  would  be  bulged  out;  and  since  new  biogen-molecules 
worn  thus  constantly  come  into  contact  with  the  oxygen  of  the 


lunding  medium,  a  longer  or  shorter  pseudopodium,  according 
9  the  peculiar  character  of  the  protoplasm,  would   form.     The 
'    le  of  expansion  would  thus  be  mechanically  explained.    By  the 
jdaction  of  oxygen   the   biogen-molecules  would    then   have 
Rched  the  maximum  of  their  labile  constitution.     They  would 
1  become  decomposed,  to  a  certain  extent  spontani-ui 
through  the   action   of  stimuli    that   excite   dis^ 
o  C 
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With  their  decompositiun  the  surface-tension  would  increase,  and 
the  stimulated  protoplasm  would  necessarily  flow  back  centripetally, 
so  that  the  pseudopodia  would  be  retracted — -a  phenomenoa  th&t 
is  called  out  in  a  very  characteriatic  manner  by  all  sorts  of  stimuli 
Thus  the  phase  of  contraction  would  be  mechanically  explained. 
After  their  return  to  the  central  cell-body  the  biogen-molecules 
would  have  an  opportunity  to  rygenerate  themselves  with  the  aid 
of  substances  produced  by  the  protoplasm  and  the  nucleus,  which 
are  absolutely  necessary  to  the  intact  life  of  the  cell ;  then  after 
the  introduction  of  oxygen  they  would  begin  their  course  anew. 

In  accordance  with  this  idea,  all  the  special  phenomena  exhibited 
by  amoeboid  protoplasmic  masses  in  their  movement  may  be 
understood.  The  necrobiotic  phenomena  of  naked  protoplasmic 
masses  especially,  which  can  be  followed  very  beautifully  in 
amputated,    non-nucleated,    hyaline     pseudopodia    of    Diffiugia 


Fio.  ^70- — Difiugii  iahftalitHa,  with  tno  puudpippodU  nroJocUng  fntm  tbo  HAnd-caiHiilA,  the ,_. 

of  vrhlcb  Ifl  nnipuUlod.    Bfflidiilt.thiTcliiuLgu  wbltn  tho  aBparafawl  mjtM  of  pmto|>lMHi  fmmn 

Ont,  DonuAl  mcTdmont  with  formBtlon  of  pBeudopixiLa,  fiuiUy,  deftth  iti  the  tphfliicil  f< 

(Fig.  270),  may  be  explained  at  once:  the  continuation  of  the 
amoeboid  motion  at  the  beginning,  the  gradual  cessation  of  the 
formation  of  pseudopodia,  and  finally  death  in  the  spherical,  con- 
tracted condition.'  At  the  beginning,  immediately  after  the 
amputation  of  the  mass,  a  quantity  of  nuclear  and  protoptat 
aul^tances,  which  the  biogen-molecules  need  for  their  regeneration, 
is  available  in  the  protoplasm ;  the  extension  and  amalgamation  of 
the  pseudopodia  proceed  at  first  normally.  But  gradually  these 
substances  are  consumed,  the  oxydized  biogen-molecules  bee 
decomposed,  the  pseudopodia  retract,  the  regeneration  of  the  biogoife 
becomes  impossible,  and  the  incomplete  biogcn- residues  are  in" 
capable  of  oxidation.  Hence  new  pseudopodia  are  no  lonnr 
formed,  and,  when  all  the  oxidized  molecules  are  decomposed,  tna 
mass  perishes  without  any  further  change  of  its  spherical  form. 
'  C/.  p.  327. 
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The  above-developed  idea  of  the  mechanism  of  amoeboid 
protoplasmic  movement  has  at  once  the  great  advantage  that, 
though  modified  by  special  conditions  in  individual  cases,  its  prin- 
ciples may  be  applied  to  all  other  phenomena  of  contraction, 
to  protoplasmic  streaming  in  plant-cells  as  well  as  to  ciliary 
and  muscular  movement.  We  will  here  select  only  the  most, com- 
plicated case,  the  movement  of  cross-striated  muscles.  Since  the 
same  processes  go  on  in  all  the  individual  muscle-segments,  we 
will  limit  ourselves  to  consideration  of  the  single  segment.  As 
has  already  been  seen,^  the  muscle-segment  consists  of  two 
different  substances,  the  more  solid,  anisotropic  substance  lying  in 
the  middle,  and  the  isotropic  substance  lying  at  the  two  sides 
of  the  latter  (Fig.  271).  The  phenomena  that  are  visible  with 
the  microscope  during  a  contraction  resulting  from  stimulation,  as 
Engelmann^  and  others  have  established  in  detail,  consists 
essentially  in  the  flowing  of  isotropic  substance  from  both 
sides   into  the  anisotropic ;   thus  the  latter  substance    increases 
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Fio.  271.— MuBcle-8cgment«.    /,  At  rest,  //,  in  contraction  ;  A,  in  ordinary,  B,  in  polarlied  li^t. 
a,  Anifotropic,  i,  isotropic  disks. 


in  volume  and  the  disk  becomes  broader,  while  the  length  of  the 
whole  segment  decreases  correspondingly.  Hence  the  elementary 
fiindarnental  phenomenon  in  muscle-contraction  is  a  mixing  of 
tgo  substances  which  at  rest  lie  beside  one  another :  crnigtii^i^^^j^ 
of  the  isotropic,  or  more  mobile  substance,  force  their  wav  into  ^e 
flTiiantropic.  or  fixed  substance.  In  this  process  the  feet,  which 
ETA.  Schafer  ('91,  1,  2,  3,)  discovered,  is  noteworthy,  namely,  that 
the  anisotropic  substance,  which  does  not  change  its  place,  oflfers 
the  greatest  possible  surface  to  the  entrance  of  the  isotropic 
substance  by  means  of  the  system  of  tubes  already  mentioned,^ 
so  that  the  intermingling  is  able  to  take  place  very  rapidly 
(Fig.  272).  During  the  explosive  decomposition  of  the  biogens, 
either  in  the  isotropic  or  the  anisotropic  substance,  which  latter 
is  regarded  by  Engehnann  as  the  specially  contractile  element, 
the  chemical  constitution  of  the  biogen-moleculee  is  so  changed 
that  a   molecular  attraction    arises    between  them   and    certain 
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constituents  of  the   other  substance.     As  a  result   of   this,  tl^^ 
surfiawje-tension  between  the  two  disks  must  necessarily  diminii^^ 
(or  even  become  zero) ;  t.e.,  an  intermingling,  a  mutual  penetratic:^^ 
of    the   two   substances   must  take   place.    In   this  process  t^r^g 
isotropic,  as  the  more  mobile,  substance  will  necessarily  difii^^ 
into  the  anisotropic,  as  the  more  fixed,  i.e.,  the  muscle-segm^-^j^ 
will  necessarily  decrease  in  length  and  increase  in  breadth.     Th^j^ 
will  thus  be  in  principle  the  same  process  as  in  swelling,  exc^p^ 
that,  as  Engelmann  assumes,  there  will  be,  not  a  simple  admisaxo^ 
of  water,  but  a  chemical  swelling,  in  which  along  with  the  waiter 
other  chemical  substances  will  enter,  especially  such  as  take  part 
in  the  regeneration  of  the  decomposed  biogen-molecules.     But  i^ 

Sroportion  as  these  molecules  are  regenerated  and  by  the  intro- 
uction  of  oxygen  are  brought  back  to  the  maximum  of  their 
labile  constitution,  a  change  in  the  molecular  relations  occurs,  and 
now,  in  contrast  to  what  happened  previously,  a  separation  of  the 

two  substances  will  take  place,  which  vill 
^  give  to  the  muscle-segment  its  original  form. 

Although  the  processes,  which  for  the  pres^xit 
are  wholly  unknown,  may   in   reality  tcuke 
place  very  differently,  at  all  events  the  prL:«i- 
ciple  of  modification  of  the  molecular  attrafc-c- 
tion  by  changes  in  the  chemical  constituti-^ic^i^ 
of  the   molecules,  the  same  principle  tl]»--4t 
explains  amoeboid  movement,  appears  to  ^^fce 

Fjo. 272.— Miwde-segmont of         vi      j.         i       'j    x       •       'j.  x*    i         •    x     a    "W^a 

the  wasp  containing  tubes       ablo  tO    clUCldate    lU   itS    eSSCUtial  pomts  t-  -M^ 

a,  An£2>tropk:  dtok^^^^n     obscurc  phenomenon  of  muscular  movemei^nt. 
from  above ;  6,  seen  from     Thus,  contraction-movemcnts  in  their  mdlDSt 

the  side ;  c,  three  muscle-  ,•    ^         •.  ^iiii        ^i        i*      i 

segments.  (After  Schafer.)    esseutial  poiuts  are  Controlled  by  the  air^^3Ct 


interchanges  of  chemical  and  mechani-^cal 
energy  without  the  mediation  of  another  form  of  energy,  soM-ch 
as  heat  or  electricity. 

Here   consideration  of    the   mechanism   of  contraction-mc^^^e- 
ments  merges   with    that  of  the  changes  of    energy  in  mu^^cle 
activity,  and  we  arrive  again  at  the  view  already  reached  hy  an 
entirely   different    path,    namely,    that   the   activity   of    majsc/e 
depends  upon  the  alternation  of  the  decomposition  and  regene- 
ration of  living  protoplasmic  particles. 

We  have  now  reached  the  end  of  our  inquiry  into  the 
mechanics  of  cell-life.  Starting  from  the  idea  that  in  metabolism 
lies  the  real  vital  process,  which  is  expressed  in  the  manifold  vital  \ 
phenomena,  we  endeavoured  to  trace  back  the  elementary  vital 
phenomena  of  the  cell  to  the  chain  of  metabolic  processes,  by 
which  the  individual  parts  of  the  cell  are  united  with  one  another 
and  with  the  external  world.  Our  last  discussion,  that  of  move- 
ment in  the  cell,  affords  the  best  example  of  how  the  changes  of 
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rjty  are  inseparably  connected  with  the  changes  of 

'\v  nil  three  in  reality  form  a  single  whole,  which  offers 

sides  for  considemtioo.     So  far  as  scientific  know- 

t   i)ossible,  an  attempt  has  been  made  to  solve 

Naturally  many  suppositions  and  many  hypotheses 

iiid  necessary  to  close  the  wide  gaps  in  our  present 

il  in  spite  of  this  many  recognized  gaps  still  remain 

1)1 1-physiology,   aided   by    trie   stem    necessity    of 

iJit.,  and  its  great  working  power,  is  beginning  to  give 

t  to  the  highest  expectations. 

Constitutional  Relations  op  the  Cell-Communitt  > 

I  all  our  investigations,  experiments,   discussions  and 
'  individual  cell,  as  the  independent  elementary  organ- 

■  n  the  chief  object  of  interest.     Now,  in  terminating 
i(]iiii;itionof  the  physiological  problem,  it  remains  to  ex- 

)i:tnism  resulting  from  the  association  of  the  cells  in 

iy.  The  life  of  the  multicellular  organism  is  not  a 
simple  summation  of  the  lives  of  the  individual  cells  which  com- 
pose it ;  many  special  relations  are  inaugurated  by  the  association 
of  the  individual  cells,  and  these  are  expressed  in  the  vital  phe- 
nomena of  the  multicellular  organism. 

A.  independence  and  dependence  op  the  CEU£ 

It  has  been  seen  elsewhere  ^  that  the  size  of  the  individual  cell 
is  necessarily  limited.  From  this  fact  an  important  consequence 
follows.  A  large  organism  can  never  be  formed  by  a  single  cell,  it 
must  be  constructed  from  many  cells.  All  large  organisms 
are  cell-communities.  By  the  union  of  the  individual  cell  with 
others  of  its  like,  relations  are  presented  that  influence  the  life  of 
the  former  so  that  its  vital  phenomena  are  different  from  what  they 
are  when  it  lives  free.  As  in  the  formation  of  every  community, 
the  formation  of  that  composed  of  cells  requires  a  compromise  be- 
tween individuals.  Xhe  compromise  conaiats  in  the  fact  that  every 
c^U  gives  up  a  part  ot  its  indepcnaence  lor  the  advantage  that  it 
derives  from  association  with  otber  cells,  i'he  special  tbrm  of 
this  compromise  between  the  individual  components  is  very 
different  in  different  cases.  In  the  cell-communities  of  the  aeries 
of  organisms  we  find  realised  a  much  greater  variety  of  forms  of 
government  than  we  see  developed  in  human  society,  and  it  would 

'  [The  word  "  Btate,"  aa  emptoyeil  in  PuUcical  Suien(;e,  carries  with  it  the  ides 
th«t  the  association  of  indiviiluaU  tiius  deBignatuil  is  a  self-conscious  association. 
{C/.  GiddiDgs:  The  PriiKipl'.*  of  Sorioioyy.  New  York,  1806.)  I  have  thought, 
tnerefore,  that  in  the  present  1>ook  the  aathor'ii  term  "Ze/lumtruU"  would  preferably 
be  translated,  not  "cell-state,"  liut  "cell-coiiimunitj-." — F.  S.  L.] 

*  C/.pp.'a  and  530. 
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be  ven-  profitable  to  treat  modem  sociologr  in  the  light  of  thei 
If  thii*  were  dcme,  doubtless  manv  schemes  regarding  social  refo: 
woald  remilt  very  diflTerently  from  at  present 

In  a  cell-commnnitT  there  is  nothing  living  but  the  cells.     T 
life  of  the  commanity  is  merely  the  expression  of  the  lives  of 
cellsu     Hence  it  is  evident  that  a  cell-commnnity  can  live  01 
when     its     individual     constituents     lead     suitable    lives, 
independent  vital  activity  of  the  individual  cell  is,  therefore,  — ^^ 
indispensable  prerequisite  of  the  life  of  the  compound  organW.^12) 
But  how  much  of  its  independence  the  individual  cell  gives  up^  ^ 
uniting  with  others  is  subject  to  great  variation.     That  it  idust 
always  give  up  something  is  evident  when  it  is  borne  in  mind  tb£t.t 
by  the  association  of  the  different  cells  the  external  vital  conditiozr»s 
of  the  individual  cell  become  greatly  changed.     Cells  that  ha«^^^ 
permanently  exchanged  free  individual  life  for  life  in  a  cell-conr::^^' 
munity,  such  as  the  tissue-cells  of  the  higher  plants  and  aniiuar  ^-^' 
usually  perish  very  soon  when  separated  fiiom   their  associate^-"^^ 
The  other  cells  of  the  community  become  an  external  vital  condicr  ^' 
tion  for  the  tissue-cell. 

This  condition  of  dependence  in  which  the  cells  of  the  commimit^-i^^y 
stand  to  one  another  is  less,  and  the  independence  of  the  individmr^^^^ 
cell  is  greater,  the  lower  we  descend  in  the  series  of  organisms,  th 
more    the    individual    cells    of   the    community    resemble    on 
another. 

The  simplest  relations  are  found  among  the  Protista.     Here  w^ 
find  cell-comraunitieo  of  the  primitive  type  of  a  genuinely  repu 
lican  form  of  government,  in  which  every  cell  is  like  the  other" 
and  is  capable  of  existing  by  itself  independently  of  the  othe 
A  Carchesium  stalk  (Fig.  273,  /),  a  Evdoi^na  colony  (Fig.  273,  //, 
and  a  Magosphcera  globule  (Fig.  273,  //,  B),  are   such  true  c 
republics.    Sometimes  the  members  of  these  communities  se 
themselves  from  one  another  and  lead  an  independent  life,    but^ 
long  as  they  are  united,  a  certain  dependence  exists  even  in 
genuinely  republican  community,  in  spite  of  the  great  independer: 
of  the  individual  cells.     The  individual  Carchesium  is  influen     ^ 
its  neighbours.     If  one  of  its  neighbours  suddenly  contracts,  t  ^75 
likewise  made  to  contract  by  the  shock.    The  individual  JSu€U>rmZ^, 
or  Ma(jospJurra-ce\\  in  its  movement  is  likewise  dependent  ^^jyou 
the  others.     The  stroke  of  its  cilia  does  not  drive  it  to  the  plae^ 
when^  it  would  swim  if  it  had  free  locomotion,  but  is  only  on^  of 
the  many  components  from  which   the  movement  of  the  who/e 
sT)h(Tic}il  colony  results. 

Hut  the  (le])en(lence  of  the  cells  is  much  greater  in  the  cell* 
roinmunities  of  the  plnnts  .and  thp  lowest  (^adenterata,  which  stand 
u|)oii  the  same  social  grade  with  the  plants,  than   in   these  cell- 
K  |nil)li(s  oT  the  Protista.     The  government  of  plants  has  also  been 
i('iiiH(l  lepublican,  in  contrast  to  the  more  monarchical  govern* 
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t  of  animals.  This  designation  ia  correct,  but.  the  government 
do  tell -com  muni  tics  of  plants,  spongas,  and  hydroid  pol^'ps  is 
the  primitive  form  of  a  republic,  which  has  been  seen  in  the 
lies  of  the  Frotuta.  We  find  here  no  longer  the  power  of  the 
/idual  cell  to  exist  by  itaelf  apart  from  association  with  the 


■Ik*.  '  J),TlwlDdlTlduiiiiitavecuntiwUil  iMt 
nloDj;  or  PInffitlatn ;  B,  Mnimnphnra  pUintila, 


ire,  Dependence  upon  the  other  cells  is  too  great,  but  stiiall 
ipe  of  celia  can  mciintain  themselves  and  live  separately.  A'.y., 
'ochting  ('85)  has  shown,  the  leaves  of  many  plants  can  be  cnt  1 

minute  pieces  and  from  them  whole  plants  can  grow,  and 
wise,  as  has  been  seen  {Fig.  2,  p.  57),  every  piece  of  a  HydT'i 
,  has  been  cut  up  is  capable  of  indei)endent  life, 


The  dependence  of  the  individual  ccIIm  upon  one  another  in 
many  tissues  of  the  higher  animals  is  still  closer  than  in  the 
plants  and  the  lowest  Cmkntei-ata.  Here  a  pronounced  despotism 
prevails.  The  constitution  of  ciliated  epithelia  adbrds  an  interests 
ing  example!  As  is  well  known,  a  ciliated  epithelium  consists  of 
many  successive  rows  of  ciliated  cells  arranged  one  after  another 
in  each  row,  and  each  cell  possessing  a  number  of  cilia  (Fig. 
274,  /).  The  cilia  of  these  cells  are  in  rapid,  rhythmic  vibration. 
but  it  is  seen  that  the  ciliary  motion  of  the  individual  cells  of  one 
row  is  not  irregular  and  independent  of  the  others  ;  there  exists  a 
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nietachronism  in  the  ciliary  stroke  ^  in  such  a  manner  that  the  cilia 
of  all  the  cells  contract  in  regular  succession,  beginning  with  the 
end-cell  of  the  row.  This  phenomenon  can  be  observed  much 
better  in  the  rows  of  cihary  plates  in  the  Ctenopkvra  (Fig.  274,  II) 
than  in  the  microscopic  cibated  epithelium  of  the  vertebrates^  In 
the  former,  where  the  ciliary  plates  are  to  be  seen  very  distinctly 
with  the  naked  eye,  and  where  the  movement  goes  on  often  very 
slowly,  it  is  readily  obsorvod  that  every  plate  moves  only  when  the 
preceding  one  has  moved,  and  then  remains  at  rest  until  a  new 
wave  cornea  from  the  first  plate.     If  such  a  row  with  the  under- 
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tiict.  Tliat  this  dependence,  the  higher  we  ascend  in  the  develop- 
mental series  of  organisms,  becomes  closer  and  more  fixed,  depends 
again  solely  upon  utility,  for  the  greater  the  unity  in  the  govern- 
ment of  the  whole  community,  the  surer  and  greater  is  the  work 
of  the  whole,  and  the  greater  also  is  the  advantage  that  the 
individual  cell  receives  from  the  common  life.  Unity  in  the 
government  of  the  cell-community  is,  however,  determined  essen- 
tially by  the  dependent  relation  of  the  individual  cell  to  the 
other  cells.  Darwin's  theory  of  selection,  which  contains  a  general 
explanation  of  adaptation  in  the  organic  world,  has  made  it  clear 
how  such  adaptativo  arrangements  must  be  developed  in  a  natural 
manner.  Of  course,  the  immediate  mechanical  causes  are  to  be 
sought  in  each  individual  case. 

B.   DIFFERENTIATION  AND  DIVISION  OF  LABOUB  AMONG  THE  CELLS 

In  the  evolution  of  mutually  dependent  relations  between  the 
cells  in  the  origin  of  the  cell-community  we  have  beoome  acquainted 
with  only  one  result  of  the  common  life  of  the  cells.  It  is  the  sole 
result,  so  long  as  the  community  does  not  sorpass  certain  dimen- 
sions. If,  however,  the  community  becomes  larger,  if  it  develops 
into  a  compact  mass,  another  necessarv  mechanical  result  of  the 
association  is  observed,  namely,  the  differentiation  of  and  division 
of  labour  among  the  cells. 

The  differentiation  of  cells  consists,  as  is  well  known,  in  the  as- 
sumption by  the  cells  of  diffei'cnt  charactersj  so  that  the  community 
is  no  longer  composed  of  like  cells,  but  of  cells  and  cell-eroups  of 
different  kinds.  Therewith  there  appear  not  only  morphological, 
but  also  physiological  differences  between  the  individnai  cells,  i.e., 
the  performances  of  certain  cells  or  cell-groups  beoome  different 
from  those  of  oth(^rs,  and  a  division  of  labour  between  them  takes 
place.  Differentiation  and  division  of  labour  are  inseparable  from 
one  another. 

The  mechanical  causes  of  cell-differentiatiim'  in  the  cell-com- 
munity are  fairly  evident.  AH  the  properties  of  an  organism, 
morphological  as  well  as  physiological,  are  the  expression  of  thu 
interaction  of  two  factors,  namely,  the  relations  between  its  interiKiI 
and  its  external  vital  conditions.^  If  one .  of  these  two  factors 
changes,  there  is  a  change  of  the  properties  of  the  oiganism.  If, 
therefore,  a  cell  divides  into  many  like  cSBsgnDgf  and  if  all  tlu^so 
offspring  remain  together  and  form  a  cell-i^ommanity,  all  th(>  con- 
stituents of  this  communitv  will  remain  lalike,  so  long  as  the 
external  conditions  surrounding  each  cell  .aie'  the  -same  as  those 
surrounding  all  the  others.  We  have  beoome  acquainted  with 
such  celI-communiti('s  among  the  ProMa,  Bat  sach  a  comnuinity 
is  only  possible  when  all  the  cells  are  amnged  beside  one  anotb^''' 
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cilia  be  cut  into  at  one  place,  the  two  halves  are  able  to  act  inde- 
pendently of  one  another.'  Even  if  a  single  ciliuni  with  a  droplet 
of  attached  protoplasm  be  cut  off  from  the  cell-body,  it  actB 
rhythmically  and  spontaneously  imtil  it  perishes.  It  must,  there- 
fore, be  assumed  that  the  comi)lete  dependence  of"  the  individual 
ciliutn  and  the  individual  ciliated  cell  upon  the  one  next  it,  is 
conditioned  by  some  kind  of  mechanism  in  the  basal  protopIaHm, 
which  hinders  all  independent  movement,  and  mediates  only  ira- 
pidses  from  that  side.*  But  this  is  only  posi^ible  when  in  the 
ciliated  epithelium  an  unbroken  continuity  of  the  basal  protoplasm 
exists  throughout  the  whole  row  of  cells.  It  is  known  that  proto- 
plasmic connections  between  the  individual  cells  in  J.he  eell- 
coramunity  are  wide-spread  in  both  plant^and  anJmaM*^ 

Finally,  the  most  thorough-going  despotism  exists  iu  the  higher 
animal  in  the  dominion  of  the  nerve-celis  over  the  cells  of  all  kinds 
of  tissues.  The  higher  we  go  in  the  animal  series,  the  more  we 
.see  the  tendency  of  the  nerve-cells  to  extend  their  dominion  to  all 
the  tissues  of  the  body.  The  loss  of  independence  thus  resulting 
goes  so  far  in  many  tissue-cells,  that  their  vital  activity  sinks  to  a 
minimum  so  long  as  it  is  not  stimulated  bv  impulses  from  the  nerve- 
cells.  Sponteneitv  is  apuarently  wholly  lost.  A  skeletal  muscle 
in  the  vertebrates  never  peribrnis  a  contraction  spontaneously ; 
the  ganglion -eel  Is  of  the  central  nervous  system  alone  by  their  im- 
pulses are  able  to  put  it  into  contraction.  We  ought  not  to  be 
misled  by  this  lack  of  spontaneous  contractions  into  believing  that 
the  metabolic  proces.ses  that  characterise  muscular  activity  are  at 
a  complete  standstill  during  rest.  This  is  only  apparently  the  case. 
As  a  comparison  of  the  arterial  blood  streaming  to  the  muscle  with 
the  venous  blood  coming  from  it  teaches,  the  same  metabolic  pro- 
cesses go  on  in  the  muscle  during  rest  as  during  activ-ity,but  in  so 
slight  extent  and  so  uniformly  that  a  contraction  is  not  thus 
brought  about.  But  if  by  nervous  influence  they  undergo  a  sudden 
augmentation,  the  contraction  appears.  Wholly  analogous  to  the 
dependence  of  the  muscle-colls  is  the  relation  of  many  other 
tissue-cells,  c.,7.,  gland-cells,  to  the  central  nervous  system ;  and 
even  the  relation  of  the  ganglion-cells  to  one  another  is  partly  of 
the  same  kind. 

The  general  principle  upon  which  is  based  the  fonnation  of  the 
cell-community,  and  with  it  the  formation  of  a  more  or  less  close 
dependence  of  the  individual  cells  upon  one  another,  is  the  principle 
that  controls  all  development.  It  is  the  principle  of  utility.  The 
fact  that  the  cells  remain  together  after  division  and  thus  form  a 
community  consisting  of  several  like  components,  which  occurs  in 
the  Protista,  secures  the  advantage  of  greater  protection  for  the 
individual  cell.  But,  as  has  been  seen,  a  certain  dependence  of 
the  individual  cells  upon  one  another  is  conditioned  by  this  simple  j 
'  rr.  Verworn  CSH,  I).  >  C/.  Verwon.  COO,  2),  J 
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f'aot.  Tli.it  this  (IfjH'ndoncc,  thr  higher  wo  ascend  in  the  develop- 
mental scrips  of  organisms,  becomes  ttloser  and  more  fixed,  depends 
again  solrly  upon  utility,  for  the  greater  the  unity  in  the  gt)vem- 
m«*nt  of  the  wholf  community,  the  surer  and  greater  is  the  work 
of  the  whoh*.  and  the  greater  also  is  the  iwlvantage  that  the 
individual  cell  receives  from  the  common  life.  Unity  in  the 
government  oi'  the  cell-community  is,  however,  detcnnined  essen- 
tiallv  bv  the  dependent  relation  of  the  individual  cell  to  the 
other  cells.  Darwin's  theory  of  selection,  which  contains  a  general 
explanation  of  ada])tation  in  the  organic  world,  has  niadc  it  clear 
how  such  adaptative  arningements  must  be  developed  in  a  natural 
manner.  Of  <*oui*se,  the  innn«Kliate  mechanical  causes  are  to  be 
sought  in  each  individual  cas«\ 

H.    DIFFEHENTIATION  AND  DIVISION   OF  LABOUR  AMONQ  THE  CELLS 

In  the  evolution  of  mutually  dejiendent  relations  between  the 
cells  in  the  origin  of  thi;  cell-conununity  we  have  become  acquainted 
with  onlv  one  result  of  the  common  life  of  the  cells.  It  is  the  sole 
result,  s(»  long  as  the  community  does  not  surpass  certain  dimen- 
sion.s.  If,  however,  the  conn  11  unity  becomes  larger,  if  it  develojis 
into  a  com])act  mass,  another  necessary  mechanical  result  of  the 
a.ssociation  is  ol)served,  namely,  the  ditfercntiation  of  and  division 
of  labour  among  the  cells. 

The  difterentiation  of  cells  consists,  as  is  well  known,  in  the  as- 
sumption by  the  cells  of  ditl'erent  characters,  so  that  the  community 
is  no  hinger  composed  t)f  liki»  cells,  but  of  cells  and  cell-gn)ui)s  of 
difterent  kinds.  Therewith  there  appear  not  onlv  morphological, 
but  also  jihysiological  ditierences  between  the  individual  cells,  /.*'., 
the  performanci's  of  certain  cells  or  cell-groups  become  diflfertMit 
from  those  of  otlirr>,  and  a  division  of  labour  between  them  take^ 
place.  Ditiereiitiatiou  and  <iivision  of  labour  are  inseparable  froii! 
one  another. 

The  mechanical  causes  of  C( 41 -differentiation  in  the  cell-<'oiii- 
munity  are  fairly  evident.  All  the  properties  of  an  organism, 
morphological  as  well  as  ])hysiological,  are  the  expression  of  thi- 
interaction  of  two  factoi-s,  nam(>ly,  the  relations  between  its  inti'i'ii.il 
and  its  external  vital  conditions.^  If  one  of  these  two  fictnis 
changes,  th«'n'  is  a  cliang*'  of  the  properties  of  the  organism.  It', 
therefore,  a  cell  (livi(le>  into  many  like  oflbpring,  and  if  all  thoe 
offsju'ing  remain  together  and  form  a  cell-community,  all  tlir  e»in- 
stituents  t\\'  this  c(^inninnity  will  remain  .alike,  so  long  a^  the 
external  conditions  surrounding  each  cell  are  the  same  as  those 
surrouinling  all  tin*  (»thers.  We  have  become  acquaintrd  with 
such  cel|-cniiniiuiiiti<'s:iniong  th4*  Protista.  Bat  such  a  coniniuiiitv 
is  only  pos^^ihlr  wlnn  all  tin*  cells  are  ananged  beside  on*-  .inotliC 
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to  form  a  row  or  a  8ti^u».  Tiaa  is  the  case  hera  The  laigort 
cell-communitiea  composed  of  like  cells  that  are  knomi  amoiuf  Ae 
Protista  are  those  that  are  related  to  the  Alga  among  ^e  |£utai 
They  ore  either  fibrotu,  Booh  as  the  OoK/ervee  (Fig.  278),  ae  Iblia- 
ceouB,  auch  as  the  large  VJvaeea.  In  the  latter,  cell  is  attat&ed  to  oeB 
to  form  a  flat  anifiwe,  bo  that  the  part  of  the  cell^nriace  that  is 
free,  and  the  part  that  borders  npon  its  'neif^boim  are  the  same 
in  every  cell ;  thus  all  cells  are  umer  like  external  conditiMU.  Bnt, 
if  the  cells  proceeding  from  the  division  of  one  cell  do  not  all 
remain  under  like  extern^  conditi<HiB,  and  if  the  cells  do  not  perish, 
in  time  differences  mnst  appear.  This  condition  is  realised  m  the 
formation  of  evetj'  c6ll-commimity  the  component  cells  of  wfaidi 
are  not  arranged  in  a  fiat  sorfiice,  bnt  are  (£stribated  in  all  direc- 
tions as  solid  complexes.  Here  the  cells 
that  lie  in  the  interior  of  the  community  are 
under  wholly  different  external  vital  condi- 
tions from  those  at  the  snr&ce.  As  a  resolt 
of  this  they  must  form  a  ocmtrast  to  the 
latter,  both  morpholwically  and  phyHK^Ogi- 
cally;  in  other  woida,  differentiatu«  and 
division  of  laboor  result  The  TimirfiMi^ 
examples  of  this  are  likewise  met  witii  in 
certam  forms  of  the  PntiMta,  whicii  fixm 
such  an  extremely  interesting  tnunitioD- 
stage  to  the  cell-oommunities  of  the  plants 
and  the  animals.  Such  an  orsanism  is  the 
Protospongia  Hfedcelii  (Fig.  277),  a  colony  of 
Hagellate  Infusoria,  which  as  regards  histo- 
logical slnictuTG  has  a  certain  similarity  to 
the  lowest  sponges.     V\>on  the  surface  of  a 

felatiiiouB  mass  sit  numerous,  cup-shaped, 
agellated  cells,  while  in  the  interior  of  the 
mass  there  are  many  amceboid  cells  without 
•,..;-■  't      Here,  therefore,  is  a  differentiation  of  the  cells  living  in 
'      -T.Tior  as  compared  with  those  living  upon  the  surface,  which 
^   \  :vriM>lv  marked  and  the  cause  of  which  is  at  once  evident.     It 
.,    -.\\-:aUv  interesting  in  connection  with  this  organism  that  the 
'  .-  -^utiion  exists   only   so   long  as    the   causes   exist.     The 
,  ,s  vi  rt'lls  of  the  interior,  for  example,   have   the   power  of 
....  .-"c  It*  the  surface,  and  in  this  case  they  likewise  develop 
■  -■  *S*i*"'d  flagellated  cells.     In  these  lowest  forms  of  the 
.  .  .•  ^*^^^(  ivll -community,  therefore,  the  individual  cells  still 
.«,-*■*  iV  highest  degree  the  capacity  of  changing  into  other 

'.  ■  .-•  TiAlt<>ii  of  ''he  cells  by  adaptation  to  the  external  cbn- 

^  .Kv\!i\l  bv  different  positions,  which  is  only  barely  indicated 

■  .-v«'fj.  is  the  fundamental  principle  in  the  construction  of 
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the  animal   and   plant  ceII-«ominanity.     This  princi[de  is  h^re 
realised  most  completely  and  in  the  smallest  details,  and  tioallv 
leads  to  the  construction  of  ao  complex  an  organism  as  the  cell- 
community  of  the  human  body.     The  whole  developnent  of  the 
most  complex  animal  body  with  all  its  differentiatioDs  depends 
solely  upon  the  principle  that  the  fiuther  cell-increase  proceeds 
upon  the  simple  mechtuiical  basis  of  the  different  relatiTe  positions 
of  the  cells  and  celI-group6  arising  from  the  continued  divisiixi  of 
the  ovum,  the  more  various  must  be  the  mutual  relations  and  thi' 
external  vital  conditions  of  these  cells  and  cell-groups,  so  that,  by 
adaptation  to  the  constantly  changing  external  conditions,  the  celts 
and  cell-groups  finally  diverge  arid  become  gradually  difieTenti;ttfd 
as  regards  all  their  characteristics.     As  is  known  from  the  funda- 
mental law  of  biogene- 
sis, the  mechanics  of  on-  f  . 
togenetic  development,      — .               I   ■*.       i       /          ' 
in  so  Gu-  as  special  ad-          <^\       ^t*  ^L*   i      -  i      *■  '         \ 
aptations  do  not  come           ^'to^  yJ'  Ni-  '*     '        ■        ''<, 
into  play,  pursaes  es-           .-^'OU'  fc  v^f*    -    .      ' 
sentially     the     same  '^"'tjiB  q^     c; 
coarse    that    develop-                 I  --■  f-  A  ":,  ,^  '  • 
ment  has  pursued  in       ^"^^^^i^rf^  f~-r     .  - 
the phylogenetic series.                y^*  *^'    ^      "    ,     <   ,    .  tt    '""" 
The  mechanical  causes             Jt^s^     •'■'   ■"    ''     *    ' 
of  the  differentiation  of        K^^  !<    f'S"      ^     '^       '' ■ 
the  cells  in  the  forma-       /^   ^V  f-  Nt     ■      U;      "^"   , 
tion  of  every  cell-corn-       ^          /  '     ^         V'     ^      C  ^ 
munity  are  evidently                 '        i               \  \ 
the  same  in  their  most                                         ^ 
essential    features    in           Fm. «T.-p™(«po-9m mb-w...  ,*ft-ruu,s) 
the  ontogeny  as  in  the 

phylogeny.  It  remains  for  the  embryology  of  the  future  to  discover 
m  detail  the  very  manifold  special  relations,  which  are  iis  difft'reni 
as  the  organisms  themselves. 

While  the  mechanical  causes  of  cell-differentiation  in  the  com- 
plicated cell-community  must  be  sought  in  chanyss  of  its  relations 
with  the  prjYiVfininfpt  whicH  for  every  cell  antl  cell -generation  an' 
due  to  continued  cell-division,  division  of  labour  among  the  cells  is 
based  upon  the  develonment  of  ttiR  cfill-coiamunitv  itaelf.^  The  work 
of  every  multicellular  organism  is  the  expression  of  the  activity  of 
its  individual  cells.  If  the  cells  are  different,  they  contribute  in  a 
different  manner  to  the  whole  labour  of  the  organism.  That  this 
combined  labour  must  become  harmonious  and  advantageous 
follows  from  the  principle  of  selection,  which  controls  all  organic 
development,  phylogenetic  as  well  as  ontogenetic.  Only  those 
cell-communities  continue  to  live,  in  which  the  coU-generations 
'  f!/.  p.  5.16. 


674  GENERAL  PHYSIOLOGY 

to  form  a  row  or  a  surface.  This  is  the  case  here.  The  larj 
cell-communities  composed  of  Hke  cells  that  are  known  among  thk^^^~ 
Protista  are  those  that  are  related  to  the  Alga  among  the  plant^,-^  ' 
They  are  either  fibrous,  such  as  the  Confet-vw  (Fig.  276),  or  foli^^"* 
ceous,  such  as  the  largo  Ulvaeea.  In  the  latter,  cell  is  attached  to  c^^  .^^ 
to  form  a  flat  surface,  so  that  the  part  of  the  cell-surface  that  ^^ 
free,  and  the  part  that  borders  upon  its  neighbours  are  tbe  sair:^''^ 
in  every  cell ;  thus  all  cellaare  under  Hke  external  conditions.  B--,^^^' 
if  the  cells  proceeding  from  the  division  of  one  cell  do  not  ^^^^ 
remain  under  like  external  conditions,  and  if  the  cells  do  not  per^.,^^.  8 
in  time  differences  must  appear.     This  condition  is  realised  in  *'*i 

formation  of  every  cell-community  the  component  cells  of  whi^^foe 
are  not  arranged  in  a  flat  surface,  but  are  aistributed  in  all  di^^g  ''^^ 
tions   as   solid   complexes.     Here   the  ■       /^ 
that  lie  in  the  interior  of  the  communit^^  '^ 
under  wholly  different  external  vital  c^:::>bj^ 
tions  from  those  at  the  surface.     As  a  '~^s„i/ 
of  this  they  must  form  a  contrast  to  j|,g 
latter,  both  morphologically  and  physio7opi". 
cally;   in  other   words,   differentiation  and 
division   of   labour    result.      The   simplest 
examples  of  this  are  likewise  met  with      in 
certain  forms   of  the  Protista,  which  fv:vni 
such   an   extremely   interesting   transiti*:^^' 
stage  to  the  cell-communities  of  the  pla^dt* 
and  the  animals.     Such  an  organism  is  t::^^^ 
Ptotospongia  Haxkelii  (Fig.  277),  a  colony^    of 
flagellate  Infttsaria,  which  as  regards  hi*"***" 
logical  structure  has  a  certain  similarity      t* 
the  lowest  sponges.     Upon  the  surface  o  f  a 
gelatinous  mass  sit  numerous,  cup-sha[»^!d, 
flf^llated  cells,  while  in  the  interior  of   the 
mass  there  are  many  amceboid  cells  without 
flagella.     Here,  therefore,  is  a  differentiation  of  the  cells  living-  in 
the  interior  as  compared  with  those  living  upon  the  surface,  whic^i 
is  extremely  marked  and  the  cause  of  which  is  at  once  evident     It 
is  especially  interesting  in  connection  with  this  organism  that  tt».« 
differentiation   exists   only   so   long   as    the   causes   exist.    Ttae 
aniteboid  cells  of  the  interior,  for  example,   have   the   power    -^ 
wandering  to  the  surface,  and  in  this  case  they  likewise  develc;»p      ' 
into  cup-shaped   flagellated  cells.     In  these  lowest  forms  of  tfc^« 
differentiated  cell -community,  therefore,  the  individual  cells  at^^l 
pos.s(:ss  in  the  highest  degree  the  capacity  of  changing  into  oth^^' 

Differentiation  of  the  cells  by  adaptation  to  the  external  co^V^' 
ilitions  afforded  by  different  positions, which  is  only  barely  indicat^^*" 
in  thf  Protista,  is  the  fundamental  principle  in  the  construction-        "' 
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f^ animal   and   plant  cell-cummunity.      This   principle  is  here 

need  most  completely  and  in  the  smallest  details,  and  finally 

b  to  the  construction  of  so  complex  an  organism  as  the  cell- 

ttaunity  of  the  human  body.     The  whole  development  of  the 

jH)  complex  animal  body  with  all  its  differentiations   depends 

|Iy  upon  the  principle  that  the  farther  cell-increase  prcweeds 

So.  the  simple  mechanical  basis  of  the  different  relative  positions 

he  cells  and  cell-groups  arisine  from  the  continued  division  of 

o^iim,  the  more  various  must  be  the  mutual  relations  and  thi' 

Tnal  vital  conditions  of  these  cells  and  cell-groups,  so  that,  by 

[>t3tion  to  the  constantly  changing  external  conditions,  the  cells 

cell-groups  finally  diverge  and  become  gradually  differentiated 

egards  ail  their  characteristics.     As  is  known  from  the  funda- 

ital  law  of  biogene- 

be  mechan  ics  of  on- 

Deticdevelopraent, 

)  &r  as  special  ad- 
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Bame  in  their  most 
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Bitogenyas  in  the 

togeny.  It  remains  for  the  embryology  of  the  future  to  discover 

rtail  the  very  manifold  special  relations,  which  are  as  different 

le  organisms  themselves. 

Tiile  the  mechanical  causes  of  cell-differentiation  in  the  com- 

Itted  cell -community  must  be  sought  in  changes  of  its  relations 

1  the  emjiflwaeot,  which  for  every  cell  and  eel  I -generation  are 

to  continued  cell -division,  division  of  labour  among  the  cells  i^ 
'  upon  the  deyelopment  of  the  cell-coiqmiinity  itself.^  The  work 
iiy  multicellular  organism  is  the  expression  of  the  activity  of 
""vidual  cells.  If  the  cells  are  different,  they  contribute  in  a 
it  manner  to  the  whole  labour  of  the  organism.  That  thi.-* 
lined  labour  must  become  harmonious  and  advantageous 
'B  from  the  principle  of  selection,  which  controls  all  organic 
,  phylogenetic  as  well  as  ontogenetic.  Only  those 
lunities  continue  to  live,  in  which  the  cell-generations 
'  0/  p.  5S6. 


w:^  zhtr  v^:firjal  ^xgtnsirAUk  laAtx  -nassL  lit^  mppf  r  All  in 
wijitsL  VK»  2»  ^A  'Uut  faoifi  ainsc  f#9!i&  iiL  ^^Sjk  jKrs^^^fe  far  existenoe 

If  r^a^^bi^  w&eb  cbr  ia^trriivii  jftbwBS -^  i^  diCsraiS  eeOssofit 
isv/  <«i»:  afirxb^  tbac;.  aha^nsk  ^*r.»rr  <KiI  ^^jT  €ieii-g;roap  has  de- 
T'^>f^  a  dif^ffMXS  ibibcfisr  fcr  is»  onra.  ^KjeaJsi'.  ifcis  Uwor  is  for 
^Js«^  9^^j^  <if  a!I  th^:  octer  ^xsik.  h^  cadasdL  lini  wiij  to  all  the 
•^benu  Hrk.  tiK:  extThr-jcvibkadiT  hr-tKaeMa^  <ii&s«itiaitioii  and 
«9]7pri«iDgiT  fktaikd  dhiarjii  4^  faiwar  4f  tfe:  iBdhridul  cells  and 
tMRKS  in  the  rfA-oMnrnwois^  hrjofmut  coiuxv&kesable. 

A«  a  rmmh  fA  the  diraoD  of  labfjvr.  er<rr  kind  of  cell,  ereiy 
xv^sne^  frrerr  organ  id   the  muhieelfaxlar  <»nmmnitT  undertakes 
ta^  and  ^jmx:  earir  tzmes  pki^nlogj  kas  tenned  this 
the  ^  pbvaokgicalAngBy  "  id  ihe  ci&Il-<»inplex  in  qaesti(HL 
AH  etementarj  rital  phenomena  whidL  in  the  lowest  organisms, 
take  place   in   the   indiTidnal  ceD,    in    mnhicelhilar  organisms 
are    d^eloped    in    a    special    dej^iee    as    specific    fiincti<His  of 
definite  oetf^Toops  and  beoome  adapted  Terr  perfiBcdj  to  specific 
pnrpoAea    Tnos,  in  the  higher  animah,  far  the  special  devek^ment 
(A  contractility,  movement  becomes   the   specific   fiincti<m  of  the 
rAOJfcle-cells.    The  capacity  of  appreciating  stimuli  is  developed  in 
an  e<fpecially  hi^  degree  as  the  function  of  the  s^ise-ixsans.  The 
capacity  of  conducting  stimuli  is  augmented  to  a  surprismg  extent 
a«  the  function  of  nerves.     Secretion  undergoes  its  greatest  per-     } 
ff^ction  in  the  function  of  gland-cells.     Every  kind  of  cell  retains 
all  the   elementary  \4tal  phencMnena,  but  the  one   becomes  pre- 
eminently developed  as  its  specialty.     The  more  the  specialties  of 
the  individual  cells  and  cell-groups  come  to  act  for  the  good  of  all 
r;elLs  and  a.ssLst  their  vital  processes,  the  more  highly  evolved  does 
the  cell -community  become.     It  represents  a  mechanism  in  which, 
m  Hpite  of  its  extraordinar)'  extent  and  its  excessive  complicatian, 
as  exhibiterl  especially  in  the  bodies  of  the  higher  animals,  all  its 
parts  c^>-operate  as  a  unit. 

C.   CENTRALISATION   OF   ADMIXISTRATIOX 

If  the  last  point,  namely,  the  development  of  a  unity  in  the  co- 
r^peration  of  the  cellfTand  tissues  of  the  cell-community  be  do- 
V  <;loped  more  in  detail,  it  is  found  that  in  addition  to  the  principles 
of  (loj)endence  and  cell-differentiation,  a  third  principle  comes  uttA> 
('onsidcration,  namely,  that  of  centralisation  of  administratiozi' 
This  principle  is  connected  very  closely  with  the  two  others;  can- 
sid(?rcd  from  the  point  of  view  of  natural  selection,  it  is  in  a  certain 
scjnsc  ;i  necessary  result  of  those,  and  it  is  developed  pari  pas9U 
with  them. 

Th(.*  farther  the  differentiation  of  the  cells  goes  and  the  closer 
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becomes  the  dependence  of  the  cells  upon  one  another,  the  stronger 
is  the  necessity  of  bringing  into  relation  with  one  another  the  more 
outlying  cells,  tissues  and  organs  of  the  cell-comraunity,  in  order 
that  unified  co-operation  may  take  place ;  selection  must  make  this 
relation  constantly  more  intimate,  the  more  complex  the  structure 
of  the  cell -community  becomes.  Along 
with  this  there  arises  in  the  community 
a  tendency  toward  centralisation. 

The  first  step  in  the  direction  of  cen- 
tralisation is  really  taken  by  means  of  the 
division  of  labour,  when  certain  cell- 
groups  or  organs  undertake  a  definite 
fiinctionfor  the  whole  community.  Thus 
the  function  in  question  becomes  cen- 
tralised for  the  whole  body  in  one  place, 
and  as  many  centres  arise  aa  there  are 
organs  differentiated  for  definite  func- 
tions. This  first  step  toward  centralisa- 
tion of  administration  is  met  with  in  the 
cell-community  of  the  plant.  Here  the 
synthesis  of  starch,  upon  which  the 
nutrition  of  the  whole  plant  depends, 
is  centralised  in  the  green  cells  of  the 
leaf  Further,  the  function  of  taking  up 
water,  without  which  life  cannot  continue 
to  exist,  is  localised  in  the  roots  alone. 
Corresponding  localisations  are  present 
in  the  animal  cell -community.  Thus,  in 
the  higher  animals  the  nutrition  and 
respiration  of  the  individual  tissue-cells 
are  centralised  in  the  heart,  which  drives 
the  blood,  rich  in  food  and  oxygen,  to 
all  the  cells  of  the  various  tissues  and 

oTMns  (Fig.  278).  ^^  ^. 

In    the    animal   cell -community   the       """•I  i*"""^  <**!;"'>.  '"  ""• 

,   .  1  "^   1.  caplUartm    the    blood   current 

»econd  important  step  toward  centralisa-        twihM  mi  the  iimiioh  the  uth 
tion  is  taken,  namely,  the  union  of  all       gi™  ob  to'tt''ii»it  uiSaMm^ 
individual  centres  or  organs  of  function       »'"""'■  <f«™  R«nke.) 
with  one  another  by  the  appearance  of 

a  central  nervous  system  with  its  paths  of  conduction.  This 
principle,  in  greater  and  greater  perfection,  leads  finally  in  the 
animal  series  to  a  far-reaching  centralisation,  such  as  is  met  with 
in  the  complex  cell-community  of  the  vertebrates,  and  especially 
of  man.  We  have  in  the  central  nervous  system  a  central  oi^n 
which  alone  has  the  function  of  uniting  cells,  tissues,  and  organs 
with  one  another,  so  that  an  advantageous  co-operation  of  them 
becomes  possible  ;  and  the  farther  wc  ascend  in  the  animal  series, 
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the  more  )  find  the  tendency  of  the  central  nervous  aystvm  i^ 

extend  itt  uthonty  toward  a  unified  control  of  all  cells  and  cell- 

comptexes  »f  the  animal  body.     In  order  to  make  graphic  the 

principle  ion  which  the  mechanics  of  the  central  nervous  system 

19  based,  i  will  be  advantageous  to  consider  the  simplest  form  in 

which  the  'unction  of  the  latter  is  expressed,  namely,  the  r^_^ 

The  esw  ce  of  the  refiej:  action  consists  in  the  fact  that  an  clement 
that  app;  iates  stimuli  and  an  element  that  reacts  to  stinutii  are 
80  put  m.  relation  with  one  another  by  a  central  bond,  that  every 
stimulus  ^  jing  upon  the  appreciating  element  ia  conducted  firel 
to  the  ce  rv,  and  thence,  as  an  impulse  to  a  reaction,  to  thf 
reacting  ei'  ■-•     >  •      -^^^  ^^  which  every  stimulus 

acting  upoi  t  vrith  machine-like  certainty 

a  reaction  i  'cc  arc.    The  most  primitiTe 


3,  s;:>.— I'riinltiTe  TtOax  arc  iD  ■  alnsla  cell.    /,  Pttirto-Uiulro-.  ■  flusaUntid  i 
cuji.iihiipod  ftbf*th  upon  A  mrold-Abre.     //,  Xauin-mUBOutKr  dbUs  mjin  m 


lUntid  caU  8iud  to  1 


fotrii  of  a  reflex  arc  exists  in  unicellular  organisms,  the  cell-body 
of  which  possesses  both  the  sensory  and  the  motor  elements,  and 
i;veii  functions  also  as  the  central  bond  for  the  two.  A  single 
rotcriodendtvn  represents  a  reflex  arc  of  the  simplest  kind 
(Fig.  279.  7).  The  cell-body,  fixed  upon  a  myoid-iibre  at  the 
bottom  of  a  delicate,  cup-shaped  sheath,  t>ear9  a  flagellum  which  is 
extremely  sensitive.  The  slightest  stimulus  which  acts  upon  the 
latter  is  conducted  centripetally  to  the  cell-body,  and  from  there 
centrifugallj'  to  the  myoia-fibre,  and  the  action  of  the  stimulus 
upon  the  flagellum  is  followed  at  once  by  the  contraction  of  the 
tibrt^.  Wholly  analogous  to  this  is  the  behaviour  of  VovtictUa, 
I'.xcept  that  in  the  latter  the  sensory  elements  are  present  cbieu_j 
in  the  form  of  the  cilia  of  the  peristome.  Thf  same  relations. 
further,  exist  in  the  so-called  n euro-muscular  cells  of  the  Caitn- 
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terata  (Fig.  279,  II).  Here,  likewise,  a  cell  possesses,  upon  the  one 
side,  a  sensory  element,  and,  upon  the  other,  a  contractile  fibre, 
which  contracts  as  soon  as  the  sensory  end-organoid  is  stimu- 
lated. What  in  all  these  cases  is  differentiated  within  a  single 
cell,  is  in  the  nervous  system  of  animals  distributed  to  several 
cells.  In  the  simplest  case  of  the  latter,  three  different  cells  are 
concerned.  One  cell,  the  sensory  cell,  receives  the  stimulus ;  from 
this  a  centripetal  nerve-path  conducts  to  a  central  cell,  the  ganglion- 
cell,  and  from  here  a  centrifugal  nerve-path  conducts  to  a  cell  that 
performs  the  reaction,  the  motor  end-cell  (Fig.  280,  A).  But  this 
form  of  reflex  arc  is  realised  perhaps  only  m  the  invertebrates. 
In  vertebrates,  so  far  as  the  conditions  are  known,  a  fourth  cell  at 
least  is  interpolated  in  the  arc,  since  in  place  of  one  ganglion-cell 
at  least  two  are  present,  one  of  which  receives  the  stimulus  from 
the  sensory-cell  and  conducts  it  to  the  other,  while  the  other 


(%>f^^^ 


Fio, 


A  B 

280. — Schemee  of  the  roflox  arc.  A^  Simple 
scheme  of  reflex  arc.  At  the  left,  below,  a  sensor}* 
cell ;  in  the  middle,  above,  a  central  ganglion-cell ; 
at  the  right,  below,  a  muscle-cell.  By  Scheme  of  h 
reflex  arc  in  vertebrates.  At  the  left,  below,  n 
sensory  cell,  at  the  left,  above,  a  sensory  ganglion- 
cell.  At  the  right,  above,  a  motor  ganglion-coll, 
at  the  right,  below,  a  muscle-cell.  (After  Oogen- 
baiir.) 


transfers  the  impulse  to 
the  motor  end-cell  (Fig. 
280,  B).  In  a  given  case 
the  end-cell  of  the  centri- 
fugal path  may  be  either 
motor  or  secretory,  or  may 
produce  light  or  electricity. 
Thus  reflexly  by  the  gang- 
lion-cells parts  of  the  cell- 
community,  wholly  differ- 
ent and  far  removed  from 
one  another,  are  put  into 
union  and  activity  by  im- 
pulses from  the  central 
nervous  system. 

If  we  start  from  the 
scheme  of  the  reflex  arc, 
the    further    &ctors    that 

come  into  consideration  in  the  mechanism  of  the  central  ner- 
vous system  are  very  simple.  They  consist  only  in  the  facts 
that,  upon  the  one  hand,  between  the  sensory  and  the  motor  end- 
organ  more  than  two  ganglion-cells  possessing  different  functions 
are  interpolated,  and,  upon  the  other  hand,  certain  ganglion- 
cells  are  innervated  not  simply  from  one  side,  by  a  single  other 
ganglion-cell,  but  by  several,  and  under  certain  circumstances  by 
many  others.  Thus,  by  means  of  their  nerve-fibres  very  complex 
and  intricate  connections  are  formed  between  the  ganglion-cells 
and  the  individual  systems  of  ganglion-cells,  which  latter  are  the 
centres  of  definite  vital  processes  and  hence  the  seat  of  definite  im- 
pulses. A  network  of  ganglion-cells  and  uniting  nerve-fibres 
results,  which  is  apparently  mextricable,  but  in  reality  insures  a 
very  definite  and  unified  co-operation  of  the  various  parts  of  the 
organism  that  it  binds  together.     By  the  proper  innervation  of  all 
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reality, nerves  are  ext^'ngioM 
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cord,  alone  possess  in  their  one  nerve-process  a  sensory  path,  which 
receives  impulses  from  the  periphery  in  the  form  of  external  stimuli 
and  transmits  them  to  the  cell-bodies;  thence  the  impulses  are 
continued  through  the  other  nerve-process  to  other  neurona. 
Hence,  as  regards  the  body  of  the  ganglion-cell  to  which  they 
belong,  the  dendrites  conduct  always  cen  tripe  tally,  the  nerve- 
proceases  in  the  imipolar  ganglion -cells  always  centrifugally.  The 
greater  or   smaller  number    of   the  dendrites  of  a  ganglion-cell 


Piappears  to  depend  upon  the  question,  with  how  many  other  neurons 
Line  ganglion-cell  is  in  connection.  Thus,  the  cells  of  Purkinje 
f4n  the  grey  cortical  layer  of  the  brain,  in  which  the  most  complex 
■  ipsTchic  processes  are  believed  to  be  localised,  have  an  extraordin- 
Mualy  richly  developed  system  of  dendrites  (Figs.  283  and  284). 
fThe  nerve-fibres  of  one  ganglion-cell  pass  to  the  dendrites 
L  of  another  ganglion-cell.  It  is  here  a  noteworthy  fact,  that, 
[  Bccording  to  the  later  investigations,  the  connection  between  the 
['  two  takes  place  not  by  direct  continuity  of  their  substance,  or.  as 


IB  3aid,"^w  continuitaiem,"  but  through  simple  contact,  "jtei-  conligui- 
tatun."  The  end  of  a  nerve-fibre  and  the  end  of  a  dendrite  job 
at  their  tips,  but  a  piece  that  does  not  consist  of  nerve-subatancf 
is  intercalated  between  them.  It  must  be  assumed  that  this  inter- 
calated piece,  which  b  to  be  seen  only  with  verj'Btrongmagnifying 
powers,  consists  also  of  living  substance,  else  it  would  be  difficult 
to  understand  how  it  is  able  to  conduct  the  excitation  from  the  nerve- 
procesa  to  the  dendrites. 

While  there  is  great  unanimity  in  the  mode  of  union  of  the 
neurons  with  one  another,  the  kind  of  transition  of  the  nerve- 
fibres  into  the  end-cells,  which  they  innervate,  or  from  which  they 


spring,  is  very  various.     The  nerves  (sensory)  that  conduct  ccntri- 
petally  from  the  periphery  of  the  body,  as  well  as  those  (motor,  I 
secretory,  electric,  etc.)  that  conduct  centrifugally  to  the  jwriphery  < 
vary   according   to   the   organ   in  which  they  end.     Among  the 
former  there  are  some  that  end  free  in  the  skin  in  the  form  of  an 
end-bulb,  without  being  in  connection  with  a  senae-cell  (Fig.  285, 
Ily    The   others   appear   to   go   out  directly   from  a  sense-cell, 
which  is  specially  developed  for   the   reception   of    the  stimultu, 
as,  e.g.,  the  rods  and  cones  of  the  eye,  the  hair-cells  of  the  ear,  the  j 
olfactory  cells  of  the  nose  (Fig.  285,  1),  etc.     Among  the  endings  f 
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of  centrifugal  nerves  those  of  the  motor  nerves  in  cross-striated 
muscles  are  most  characteristic.  Here  the  transition  of  the  nerve- 
fibre  into  the  muscle-substance  is  mediated  by  a  specially  differ- 
entiated end -organ,  the  motor  end-plate,  a  flat  or  branched  extension 
of  the  axis-cylinder  in  the  sarcoplasm.  The  latter,  which  in  this 
place  is  very  granular  and  is  characterised  by  many  nuclei,  is 
covered  by  the  sarcolemma  of  the  muscle-fibre ;  the  sarcolemma 
here  passes  over  directly  into  the  neurilemma  of  the  nerve  (Fig. 
285,  III).  The  manner  of  ending  of  the  centrifugal  nerves  in 
other  organs,  such  as  smooth   muscle-cells,   gland-celts,   photo- 


BTD  epithaUnI  BUppqrtliw-oel 
all.  (After  Schl^erdeckor, 


genie  cells,  etc.,  appears  to  be  much  less  complicated ;  but  these 
relations  need  more  careful  investigation. 

Only  through  the  central  control  of  all  functions  of  the  whole 
organism  by  the  nervous  system  is  it  possible  for  the  cell- 
community  of  the  animal  body  to  be  differentiated  so  extensively 
as  it  is.  Only  when  at  the  proper  moment  this  or  that  organ  is 
put  into  activity  or  remains  at  rest,  only  when  this  or  that  organ 
reacts  appropriately  to  an  influence  in  this  or  that  part  of  the 
body,  only  when  the  cells,  tissues  and  organs  work  together  in  the 
most  perfect  harmony,  can  so  complicated  a  mechanism  be 
developed,  as  exists  in  the  celt-community  of  the  vertebrates  and 
especially  of  man. 
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Here  general  physiology  passes  into  the  special  physiology  of 
the  animal  or  plant  cell-community  and  its  various  forms.  It  is 
the  task  of  special  physiology  to  investigate  individually  the 
special  mechanisms  that  result  from  the  associated  life  of  the  cells 
in  the  community,  and  their  co-operation.  The  sphere  of  general 
physiology  extends  only  to  those  vital  phenomena  that  are  common 
to  all  organisms.  The  cell  is  the  element  of  living  substance. 
All  living  substance  exists  in  cells,  and  all  the  functions  of  living 
substance  originate  in  the  elementary  vital  phenomena  of  the  cells. 
Hence,  if  the  task  of  physiology  lies  in  the  explanation  of  vital 
phenomena,  general  physiology  can  be  only  cell-physiology. 
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:jell,  flagellated,  247 

fomi  of,  74 

growth  of,  529 

multinucleate,  71,  89 

reproduction  of,  531 

size  of,  78 

specific  gravity  of,  97,  229 

turgor  of,  226 
Cell-community,  centralisation  in,  576 

constitutional  relations  of,  567 

differentiation  in,  573 

division  of  labour  in,  573 
Cell-constituents,  general  and  special, 
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Cell-differentiation,  573 
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direct,  191 
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indirect,  193 

mechanics  of,  531,  533 

multiple,  196 

partial,  196 

reducing,  197 
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uneaual,  195 
Cell-life,  mechanics  of,  504 
Cell-membrane,  65 

growth  of,  168 

movement  by  swelling  of,  222 
Cell-metabolism,  mechanics  of,  518 

scheme  of,  522 
Cell-republics,  568 
Cell-sap,  225 
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in  cell-division,  194 

quadrille  of,  203 
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Cilia,   mechanical  stimulation  of,  387, 
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narcosis  of,  375 

optical  properties  of,  99 

polar  excitation  of,  418 

thermal  stimulation  of,  393 

work  of,  252 
Ciliary  movement,  247 

in  absence  of  oxygen,  286 

metachronism  of,  247,  570 
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Ciliated  cells,  77, 247 
Circulation  of  blood,  577 

of  energy,  546 

of  protoplasm,  239 
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superficial,  197 
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220 

locomotion  of,  231 
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CttlentercUa,  317 
Cold,  physiological  effect  of,  288 
Cold-blooded  animals,  217,  257,  288 
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Cold-rigour,  394 
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Colombo,  12 
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Colour- vision,  Hering's  theory  of,  493 
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Conchiolin,  109 
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Conduction,  360 
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Connective  substances,  173 
Consciousness,  33 
Contact-action,  155 
Contraction,  233,  244,  558 
Engelmann's  theory  of,  558 

relation  of  varieties  of,  252 
Cornein,  109 
Corpulency,  331 

Correlation  of  parts  in  organism,  181 
Cosmology  of  ionic  philosophers.  7 
Cosmozoa,  theory  of,  300,  302,  307 
Creatin,  109, 162,  163,  175,  305,  482 
Creatinin,  109,  163 
Crystalloids,  105 
Ctenophora,    ciliary    motion    in.    249, 
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Cyanic  acid,  306 
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Day-flies,  life  of,  340 
Death  and  life,  133 
apparent,  126,  133 
as  adaptation,  342 
by  over-stimulation,  471 
causes  of,  336 

development  of,  134,  319,  471 
external  causes  of,  337 
history  of,  134,  319 
internal  causes  of,  338 
moment  of,  134 
natural,  339 
of  man,  133 
of  cell,  134 

-stiffening,  133,  324,  329 
Decay,  326 
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waxy,  325 
Dendrites,  581 
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by  chemical  stimuli,  371 
by  electrical  stimuli,  427 
by  mechanical  stimuli,  388 
by  photic  stimuli,  403 
by  thermal  stimuli,  394 
Descartes,  13 

Descent,  theory  of,  8,  28,  178,  312 
Desert-organisms,  279 
Desmids,  movement  of,  231 

phototaxis  of,  450 
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Development,  178,  204 
as  perfecting  process,  318 
germinal,    178,    187,   204,   207,   314, 

575 
mechanics  of,  533 
of  Anwebay  204 
of  ColpocUiy  205 
of  the  cell,  204,  530 
of  the  nmlticellular  organism,  2(X) 
of  the  unicellular  organism,  204 
racial,  178,  207,  313,  575 
Dextrose,  110,  112 
Diabetes  mdlituH,  164 
Dialyzer,  104,  524 
Diastase,  154 

Diatoms,  locomotion  of,  232 
mechanical  stimulation  of,  389 
photic  Btimnlation  of,  402 
*>>«<4»taxiB  of,  449 

^  action  of  oxygen  upon,  369 
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Milk-sugar,  112 
Mimaaa,  electrical  stimulation  of,  420 

mechanical  stimulation  of,   380 

movement  of,  227 

narcosis  of,  374 
Mind  and  matter,  34 

Egyptian  doctrine  of,  7 
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Physical  world  and  mind,  34 

as  idea,  36 
Physiology,  achievements  of,  29 

and  psychology,  21,  31 

cell-,  46,  477,  586 

chemical  tendency  of,  23 
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Pigment-atrophy,  336 
Pigment-granules,  83,  172 
Plankton,  239,  253 
Plants,  assimilation  in,  158,  287 
carnivorous,  171 
galvanotaxis  of  roots  of,  455 
genealogical  tree  of,  316 
geotaxis  of,  446 
m  absence  of  oxygen,  286 
metabolism  of,  164,  173 
nutrition  of,  138,  274 
phototaxis  of,  447 
respiration  of,  287 
Plant-albumin,  107 
Plant-cells,  narcosis  of,  372 
photic  stimulation  of,  399 
Plant  globulin,  108 
Plant-physiology,  26 
Plant-seeds,  absence  of  metalK>li8m  in 
dried,  132,  279 
action  of  temperature  upon  germinat- 
ing, 391 
germination  of  dried,  130 
origin  of  carbohydrate  from  fat  in, 

480 
origin  of  fat  from   carbohydrate  in, 
159 
Plasmoiliuni,  72 
"^lasmolysis,  226 

ironemUf  mechanical  stimulation  of, 
B83 

otic  stimulation  of,  401 
jma,  doctrine  of,  8,  9,  10,  19 
icilothermal  animals,  217,  257,  288 
isons,  337 

Ur  bodies,  196,  199,  202 
irisation  current,  268,  405 
oducts,  268,  405 


Polymerism  of  biogen  molecule,  486, 529 

of  proteid  molecule,  106 

of  silicic  acid  molecule,  106 
Polysaccharids,  112 
Polystomellat      behaviour       of       non- 
nucleated  pieces  of,  512 
Polytomaf  axial  orientation  of,  500 

galvanotaxis  of,  457 
Post-generation,  534 
Pofenodeiidrony  as  reflex  arc,  578 

differentiation  in,  539 
Precipitation-membrane,  167 
Preformation,  theory  of,  17,  535 
Pressure   as  general    vital    condition, 

292 
Priestley,  19 

Primordial  utricle,  225,  239 
Principium  neri?osiim,  16 
Proteid,  103 

as  characteristic    of    the   organism, 
125,  310,  479 

as  primitive  food,  141,  555 

as  source  of  muscle  energy,  553 

chemical  fonnulse  of,  104 

circulating,  160 

classification  of,  107 

coagulation  of,  106 

conibined,  108 

crystallising,  105 

decomposition -products  of,  109,  162, 
175,  305,  482 

digestion  of,  151 

living  and  dead,  304,  481 

localisation  of,  in  cell,  116 

non-diffusibility  of,  104 

polymerism  of,  106 

reserve-,  161 

self -decomposition  of  living,  304,  478 

tests  for,  107 

tissue-,  160 
Proteuny  in  hunger,  276 

sensitiveness  of,  to  light,  397 
Protifitn,  51,  178,  316 

immortality  of,  341 
Protophyta,  316 
Protoplasm,  27,  65,  80 

alveolar  structure  of,  86 

and  nucleus,  296,  511 

as  emulsion,  96 

circulation  of,  239 

conception  of,  80,  481 

consistency  of,  93 

contents  of,  81 

filnillar  structure  of,  85 

granular  disintegration  of,  473 

ground-substance  of,  85 

hyaline,  85 

reticular  structure  of,  85 

rotation  of,  239 

solid  constituents  of,  81 

specific;  gravity  of,  97 

Kphwical  form  of,  94,  05,  J387 

streaming  of,  94,  220,  237 
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Profos])oiujia  Ilnrkiiii,  574 
Prolozoa^  316 
Pseiulopoilia,  7o,  235 
Psychology  and  physiology,  21,  31 

task  of,  39 
Psycho-monism,  38 
Ptomaines,  175 
Ptyalin,  109,  154,  171,  172 
I'urposefulncss  in  nature,  182 
Py renin,  92 

Pi/rophonuft  luminosity  of,  254,  255 
Pji-hagoras,  7 


Raja,  270 
Reactions,  355 

and  stimulus,  353 

duration  of,  357 

interference  of,  492 
Reflex  action,  578 
Reflex  arc,  578 
Regeneration,  486,  541 

of  crystals,  528 
Reii;  18 

Relationship,  natural,  1 78 
Rennet-ferment,  171 
Reproduction,  120 

and  growth,  188,  488,  531 

asexual,  190,  191 

by  division,  189,  191,  531 

by  fission,  191 

by  gemmation,  191 

sexual,   190 
Reserve-substances,  172,  275 
Resorption,  142,  151,  52:^ 
Respiration,  141,   174,  482 

Mayow's  theory  of,  15,  19,  281 
Resurrect!  on -plants,  223 
Reversion.  180 
Rheochoni,  4*)9 
Rheotaxis,  444 

Jihizojj/oJtmay   action     of    temperature 
upon,  393 

in  absence  of  oxygen,  284 
Rhizojwda,  granular  disinK^^ration  of, 
326,  472 

ingestion  and  digestion  of  fooil  by, 
152 

narcosis  of,  378 
Rhythm  of  (Hilary  motion,  247 
Rigor  mortis,  133,  324,   329 
Ritter,  19 

Rose  of  Jericlio,  223 
Rotation  of  protoplasm,  239 
RotcUoriaf  desiccation  of,  129 


Sarcharomyc€»y  111,  156 

prothiction  of  heat  by,  258 

See.  Yeast -eel  Is 
Saccharose,  112 

Salivary   corpuscles,    Brownian   move- 
ment in,  220 


Salivary  glantls,  cells  of,  465,  516 

Salmon,  fasting  of,  277 

Salting-out,  107 

Salts,  115,  142 

Sarcode,  65 

Sarcolactic  acid,  174 

Sarcolemma,  243 

Sarcoplasm,  241 

Sarcosomes,  464 

Sarkin,  108,  109,  162,  175,  305,  482 

Schleiden,  27 

Schwann,  27 

Sea-urchin,  fertilisation  in,  203 

Sebum,  172 

Secretion,  mechanics  of,  523 

Secretions,  166,  171 

protective,  172 
SdagineUa,  swelling  movement«  of,  223 
Selection,  artificial,  186 

Darwin's  theory  of,  28,  185, 317,  573 

Empedocles's  theory  of,  8,  28 

natural,  8,  28,  185,  317 
Self-regulation  of  metabolism,  489 
Serum-albumin,  107 
Serum-globulin,  107 
Serveto,  12 
Short  circuit,  408 
Silicic  acid,  coagulation  of,  106 

polymerism  of,  106 
Siphanophora,  59 
Skeletal  substances,  108,  172 

excretion  of,  166,  543 
Sledge-inductorium,  411 
Snake-charming,  495 
Snake-poison,  176 
Soaps,  114,  155 
Spallanzani,  19 
Sparrow,  fatigue  of  ganglion-cells  of, 

464 
Specialisation,  danger  of,  1 
Specific  energy,  21,  45,  475 
Specific  gravity,  of  cell,  97,  229 

of  living  substance,  97 
Spermatozoa,  190 

chemotaxis  of,  433,  438 

development  of,  197 

discovery  of,  15,  198 

forms  of,  199 

rheotaxis  of,  445 

structure  of,  199 
Sperm-cells,  see  Spermatozoa 
Sperm  mother-cells,  197 
SjihifrechimiM,     cross-fertilisation     of, 

507 
Spinal  cord,  580 
Spinning  glands,  nuclei  of  cells  of,  89, 

516 
Spinllumj  chemotaxis  of,  436 

nucleus  of,  67 
Spirits,  animal,  8,  10,  102 

doctrine  of  the,  8,  9,  10 

natural,  10 

vital,  8,  10 
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SpirogyrUy  arrangement  of  cells  in,  574 

behaviour  of  non -nucleated  pieces  of, 
513,  519 

narcosis  of,  372,  521 

respiration  of,'  520 
Spirostomum,  ciliary  motion  in,  571 

galvanotaxis  of,  459 

granular  disintegration  of,  326 

narcosis  of,  471 
Sponge-spicules,  169,  172 

formation  of,  543 
Spongin,  109 
Spontaneity,  347 
Spontaneous  generation,  doctrine  of,  15, 

20,298,302,309,  311 
Spore-formation,  197,  205,  281,  344 
Spores  of  bacteria,  281,  291 

of  Colpodtty  205 

of  horse-tail,  224,  448 

of  MyxomyceteSf  74 
Splenic  fever,   resistance  of  bacilli  of, 

291 
Sprinff-myograph,  361 
Squaring  of  circle,  problem  of,  38 
Stahl,  16 

Staphylococcus y  431 
Starch,  112,  172 

digestion  of,  154 

formation  of,  by  plant,  159 

in  chlorophyll-bodies,  159 

localisation  of,  in  cell,  116 
Starch -grains,  83,  112 

digestion  of,  154 
Steam    engine,     comparison    of    with 

organism,  123 
Steapsin,  155,  171 
Stentor^  food -ingestion  by,  526 

mechanical  stimulation  of,  384 

myoids  of,  241 

narcosis  of,  375 

regeneration  of,  61,  541 
Stimulation  and  vital  conditions,  349 

diagram  of,  350 

phenomena  of,  364 

threshold  of,  351,  436 

unilateral,  428 
Stimulus,  474 

action  of  chemical,  365 

action  of  electrical,  403 

action  of  mechanical,  379 

action  of  photic,  397 

action  of  thennal,  381),  470 

adaptation  to,  357 

after-eft'ect  of,  358 

and  reaction,  1^3 

assimilatory,  490 

conduction  of,  360 

ilctinition  of,  348,  ;i57 

dissimilatorv,  490 

intensity  of,  IWJ 

interference  of,  492 

♦^rophic,  f'iSl 
rieties  of,  348 


Structure  and  liquid,  538 

conception  of,  538 
Struggle  for  existence,  8,  28,  185,  317 
Sulphur-bacteria,  278 
Sulphuric  acid  as  decomposition-pro- 
duct of  proteid,  110 

manufacture  of,  125,  156,  484 
Siisruta,  7 
Swammerdamm,  15 
Swarm-spores,  phototaxis  of,  448 
Swimming-plates   of   Cteiiophortit  249, 

570 
Sylvius,  15 

Symbiotic  organisms,  84 
Symptomatic  anthrax,  Imcilli  of,  287 
Syncytium,  74 

Tactic  movements,  mechanism  of,  497 
Tadpole,  galvanotaxis  of,  455 

histolysis  of  tail  of,  321 
TardigracUty  desiccation  of,  129 
Teleology,  182,318 

Temperature  as  general  vital  condition, 
288 

determination  of,  258 

maximum  of,  288,  291,  396 

minimum  of,  288,  395 

of  organism,  257 
Temperature-sense,  391 
Tetanus,  analysis  of,  423 

bacteria  of,  287 

closing,  414 

mechanical,  385 

nieta1x>lism  in,  388 
Thalassicollay  l)ehaviour  of  non-nucle- 
ated pieces  of,  512 

chemical  stimulation  of,  370 

mechanical  stimulation  of,  379 

rising  and  sinking  of,  230 

spore-formation  of,  344 
Theoria  generatianis  of  Wolff,  17 
Themio-chemical  ecjuivalent,  214 
Thermo-electric  element,  258 
Thermotaxis,  451 
Thigmotaxis,  440 
Threshold  of  stinmlation,  351,  436 
Tissue,  60 

Tone,  muscular,  358 
Torpecloy  269 
Toxalbumins,  176 
l^oxalbumoses,  176 
Toxines,  175,  468 

Tnidtst'antiay  electrical  stimulation  f»f. 
423 

protoplasmic  streaming  in,  239,  393 
Transpiration,  174 
Trcviranus,  19 
Trophic  nerves,  353 

stimuli,  351 
Trophotaxis,  430 
Trypsin,  109,  154,  171 
I'ubcrculin,   176 
Tuberculosis,  growth  of  Uicilli  of,  391 
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Tumours,  367 
Tuiiicntny  317 


UuKA,  109,  162,  17**),  ;^»r),  482 
artificial  Hyn thesis  of,  23,  43 
derivation  of,  162 

Uric  acid,  109.  162,  175,  ^5,  4S2 
derivation  of,  162 


Vacuoles,  81 

contractile,  82,  166 
Vamiryrflla^  food-selection  by,  148,  527 
Variability,  individual,  185,  317 
Vancheriaf    formation   of  glo})ules   by 

plotoplasm  of,  94 
Vermes,  317 
Vejiefnnfa,  317 
Vit  fatente    132 

Vital  conditions,  diagram  of,  350 
Vital  force,  doctrine  of,  17,  18,  20,  31, 

41,  123 
Vitalism,  mechanical,  44 

psychical,  45 
Vitellins,  108 
VolU,  263 
Vorticdla,  a«  reflex  arc,  578 

chemical  stimulation  of,  368 

food-ingestion  by,  145,  526 


Vortirellay  mechanical  stimulation  of, 
384,  388 
myoid  of,  242 

Wa«nkr*s  hammer,  41 1 
Wann-blootled  animals,  217,  257 

heat-regulation  in,  390 
Wann  stage,  392 

Water  as  constituent    of    living  sub- 
stance, 114 

as  general  vital  condition,  279 

excretion  of,  166,  174 
Wheel-animalcules,  desiccation  of,  129 
Wiihler,  23 
Wolff,  17 
World-formula,  du  Bois-Reymond's,  32 

Xanthix,  108,  109,  162,  175,  305,  482 

Yajurveda,  7 
Yeast-cells,  111,  156 

action  of  temperature  upon,  390 

narcosis  of,  371 

production  of  heat  by,  258 

See  Saccharomycts 

ZoOchlordlo',  84 
ZoOxantheflo',  84 

Zygnema,  behaviour  of  non-nucleated 
pieces  of,  513 
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